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INTRODUCTION and OBJECTI VES 
A t r end i n  animal product i on in t h e  Un i t ed 
S ta t e s , e spec i a l l y  f o r  s w i n e  and poul t ry , has been t oward 
large intens i f i ed f ac i l i t i e s . The s e. fac i l i t i e s  have a h i g h  
i n i t i a l  i nve s tment , thu s , dec reas i ng the ma rg i n  o f  p r of i t  
pe r an ima l  ( Al b r i gh t  and S c o t t , 1 97 5 ). Opt imum l i ve s t o ck 
fac i l i t i e s are , the r e f or e , needed . 
Produc t i on opt imi z a t i on i s  g reat l y  i n f l uenc ed by t h e  
env i ronmen t a fac i l i ty p r ov i de s  f o r  the an ima l . An 
an i mal's env i ronment is af f e c t ed by all surround i n g  
c ondi t i ons . The therma l e nv i r onment ; the effec t s  of a i r 
t empe rature , mo i s ture , and ve l oc i t y balanced w i th an i ma l  
h e a t  and mo i s ture pr oduc t i on ,  i s  part o f  t h e  t o ta l  
env i ronment . I t  i s  one o f  the mo s t  impo rtan t i nfluenc e s  of 
an an imal's surround i n g s  s i nc e 2 5  to 40 pe rcent of an 
an i mal ' s g r o s s  feed ene rgy is c onve r t ed to heat and mo i s t u r e  
l o s s  to the env i ronment ( MWPS - 1 ,  1 9 8 3 ) . S uc c e s sfu l 
env i ronmental modi f i ca t i on i s  ach i eved wh en a s t r u c t u r e  
enhanc es t h e  therma l env i r onment to maximi z e  produ c t i on. 
P o o r  l i ve s tock thermal env i r o nme n t s  occur becau s e  of poor 
l i ve s t ock s t ruc t u re s . A s t ru c t u r e  w i t h the cor rect the rma l 
env i ronment w i l l  prov i de · c ondi t i ons such that the 
homeo the rm i c  an imal wi l l  b e  i n  a zone of thermal comfor t. 
If the an imal•s therma l env i r o nmen t  fa l l s  be low the z o n e  o f 
t h e rmal c omfo r t , c o l d s t r e s s  tak e s  place and t h e  anima l 
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i nc reas e s  heat produc t i on wh i ch dec reas e s  an imal we i g h t  
ga i n . I f  the ani mal ' s t h e rma l env i ronment r i s e s  abo v e  th e  
z one o f  thermal c omfo r t , t h e  an imal mu s t  i nc reas e i t s 
c apab i l i t i e s  t o  di s s i pa t e  t h e  e xc e s s  heat , aga i n ,  dec r eas i ng 
an imal produc t i on e f f i c i ency. The suc c e s s ful l i ve s t o c k  
s t ruc ture wi l l , thus , p r ov ide cond i t i ons r e qu i r ed to 
ma i n t a i n  the z one o f  t h e rmal c om f o r t . 
The pr imary parame t e r s  o f  the zone o f  the rmal 
comfort i nc l ude env i ro nmental t empe rature and mo i s ture . T o  
ach i eve pr ope r c ond i t i on s , t h e  b u i lding mus t be c o r r e c t l y  
cons t ruc t ed and ven t i l a t ed . The bu i l d i ng cons truc t i on and 
ven t i lat i on s y s t em are i n t e rdependent . 
be tween them to pro v i de a z one o f  
L i ves tock s t ructur e s , p r e s e n t l y , are 
Harmony mus t  oc cur 
thermal c o mfo r t . 
cons t ruc ted und e r  
de s i gn g eneral i t i e s . Spec i f i c a t i ons in v e n t i lation type and 
c ons t ruc t i on rema i n  v i rtua l l y  the s ame through out a c l i ma t i c  
area . Th e s e  spec i f i cat i o n s  r e s u l ted from gene ral i z a t i o n s  i n  
des i gn . De s i gn tempe rat u r e s  and an i mal heat p roduct i on 
values are g ene ral i z ed t o  c ons tant val ue s . S e a s o nal 
tempe rature and mo i s ture h i gh s  and l ows can cau s e  s t r e s s  to 
an an i mal in a s t ructure de s i gned fo r a r e g i on's g e neral 
clima t e. Th i s  c o up l ed w i t h i ncreas ing heat produc t i on o f  
the an i mal th roug hout i t s  g r owth cycle could , qu i te of t e n, 
l e ad to vent i la t i on sys t em and con s t ruc t i on e rror s  producing 
a p o o r  the rmal env i ronme nt . 
Each s t ru c t u r e  i s  un i que. A s i mulat i o n of in terior 
3 
environmental c ondi tio n s  t h roughout the an imal ' s  l i f e span 
would aid in the prope r  c on s t ruc t i on and ventilat i on of an 
indiv idual s t ructure by cons i de r ing the vary ing e f f e c t s  o f  
an i mal heat and mois ture p roducti on . i n  conj unc t i on wit h  
c limatic variat i on . Thes e  e ffec t s  change qu i ck l y  t h r ou g h  
t h e  an imal ' s  l i fe s pan. B e t t e r  c on t r o l  is needed to f o l l ow 
t he s e  variab l e s  t o  prope rl y  match bu i lding cons t ruct i on w i th 
the ventil at i on s ys t em. A s imu lat i on cons i de ring t h e  
rapidly chang i ng envi r o nmental e f fec ts wou l d  deve l op 
s t ructural ven t i lati o n  curv e s , pred i c t  i n te r i o r  
environmental t empe ratu r e , es timate supp l emen t a l  
hea t ing / co o l i ng , and pro duc e o t h e r  de s i r ed parame t e � s , such 
as requi red feed intake , a s  the animal g rows . Addi tional l y , 
a s imulat i on maybe used as the prog ram s tat ement f o r  t h e  
con t r o l l e r  o f  t h e  vent i l at i on s y s t em . The two fac t s  that 
$1. 8 bi l l i on do l l ars i n  cash rec e i p t s  for live s t ock 
produc t i on in South Dak o t a  were rec eived in 1 9 8 4  and t h e  
val ue o f  S outh Dako t a ' s  farm bu i ld i ng s  reached $ 1 . 2  b i l l i on 
i n  19 8 5  emphas i z e the need f o r  a mo re s o�h i s t i ca t ed d e s i gn 
prac t i c e  ( USDA , 1 9 8 5 ) .  
Computer simul ations have been dev e l oped to 
fo rmu late ene rgy and mo i s ture func t i ons fo r l i ve s t oc k  
fac i l i t i e s f o r  t h e  pred i c t i on o f  inter i o r  env i ronment s .  
The s e  simu lations , howeve r ,  neg l e c ted the e f fe c t s  of ani ma l  
g r owth and s eas onal c l i ma t i c  chang e s  throughout t h e  
4 
ani mal's l i fecyc l e. Al s o , the s imul at i ons were conduc t e d  on 
a mai n- frame compute r  l im i t i n• the model ' s  use . R e s e arch 
was , thus , ini t i ated wi th the fo l l owing spec i f i c  objec t i ve s : 
1 )  
2 )  
Deve l op a s i mul ul a t i on t.o pred i c t  inter i or 
env i ronmental c ondi t i ons , i n  a l i ve s t ock 
s t ruc ture , as ani ma l  growth and c l i ma t i c  
c ondi t i ons change t h roughout a segment o f  the 
an imal ' s  l i fe cyc l e . 
Evaluate 
s ens i t i v i ty 
l ocat i on , 
occupant . 
the s imul a t i on performance and 
f o r  a s pec i f i c  geograph i c  
c l i ma t e , cons t ruc t i on , and 
5 
LITERATURE REVI EW 
Environmental Factors 
An env i r on•ent can be de s c r i bed as the agg regate o f  
surr oundi ng thi ngs , c o nd i t i on s , o �  i nfluenc es ( S t e i n , 1 9 8 0 ) . 
I n  the case o f  l i ves t o ck , env i r o nment pertains and i nc l udes 
such paramet e r s  as bu i ld i ng mater i a l s , vent i l at i on , 
temperature , mo i s tur e , feed , n o i s e , and other i n f l uenc e s . 
I t  i s  w i dely recogn i z ed that , i n  many cases , an imal 
e f f i c i ency is reduc ed by s t re s s  i mposed on the an i ma l  by 
env i ronmental fac t o r s  ( He l l i ck s o n  and Walker , 1 9 8 3 ) . The 
env i ronment in wh i ch the an i ma l  i s  maintai ned , the the rmal 
env i ronme nt , i s  part o f  the t ot al env i ronment . But i t  i s  
the s i ng le mo s t  importan t  fac t o r  affec t i ng produc t i v i t y  
( Mo rr i son , 1 9 8 2 ) . The thermal envi ronment re lat e s  t h e  
a f f e c t s  -o f  a i r  tempe rature , mo i s ture , a i r  ve l oc i t y ,  and 
s o l ar rad i at i on on the balance and regu l at i on of anima l heat 
and the i r  tota l  influence on an i ma l  produc t i on and hea l th 
( MWPS - 1 ,  1 9 8 3 ) . F o r  each ani mal s pec i es , the re i s  a t h e rma l 
env i ronment that perm i t s  body func t i ons to take p l ac e  w i t h a 
m i n imum input o f  energy . The opt i mal the rmal env i ronment i s  
the range o f  c ond i t i on s  that prov ides ac ceptab l e  anima l 
pe r f ormance ( AS HRAE , 1 9 8 5 ) . 
The s t eady regu l a t i on o f  b ody tempe rature i n  a 
no rmal tempe rature range i s  an examp l e  o f  home o s ta s i s , t he 
ma i n t enanc e o f  a body s ta t e  w i th i n  narrow l i m i ts . T h e  
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ani mal s hypothalamus a l and regu lates the ma intenanc e o f  body 
temperature by controlli ng the neural and hormonal r e s p on s e s  
that alter heat produc t i on and heat l o s s  from env i ronment al 
s t i mul i ( MWPS - 1 ,  1 9 8 3 ) . Thu s , the an i �a l s  ma inta i n  a r a t h e r  
c ons tant body temperature through a var iety o f  th e rm a l  
c ondi t i ons , wi th fata l i ty occu r i ng when body 
Tab l e  1 .  Normal l i ve s t ock rec tal temperatur e s  
( MWP S - 1 , 1 9 8 3 ) . 
Tempe rature ( 0 c )  
Animal Ave rase Ranse 
Dai ry Cow 3 8 . 6  3 8 . 0 - 3 9 . 3  
Beef Cow 3 8 . 3  3 6 . 7- 3 9 . 1  
P i g  3 9 . 2  3 8 . 7- 3 9 . 8  
Sheep 3 9 . 1  3 8 . 3 - 3 9 . 9  
Chi cken 4 1 . 7  40 . 6 - 4 3 . 0  
temperatures s t ray only a few degrees from the no rma l r ang e 
( Tabl e 1 ) . The re fore , t h e  env i ronmen t  a f fec t s  th e heat 
product i on o f  l i ve s t ock i n  the i r  att empt t o  ma i n t a i n  a 
no rmal body tempe rature . Conve r s e l y , heat and mo i s tur e  
l o s s e s  o f  the an imal a f f e c t t h e  tempe rature and mo i s t ur e 
content o f  the env i ronment s u r r o und i ng the an imal crea ting a 
balance be twe en oc cupant and env i ronment ( He l l i c k s o n  and 
Walk e r , 1 9 8 3 ) . 
Produc t i v i ty i s  
temperature ( F i a ure 1 ) . 
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a ffect ed by the amb i ent a i r  
A sma l l dev iat i on o f  e nv i r onmen t a l  
t empe rature from opt i mum produc e s  a dras t i c reduc t i on i n  
produc t i v i ty . 
o f  the an i mal 
Th i s ,  in turn, ext ends the pr oduc t i on pe r i od 
by i nc reas i ng the t ime needed t o  ach i eve 
market we i gh t . The extended p roduc t i on per i od s t rai ns the 
an imal manage r ' s  attempt to balance produc t i on c o s t s . H i gh 
hum i di ty l eve l s , at h i gh e r  tempe ratures , wi l l  a l s o  depr e s s  
animal e f f i c i ency . When h i gher temperature ranges occur , 
the tempe ratur e di fference be tween the env i ronment and 
ani mal body i s  narrow . The an i mal then has t o  p l ac e  more 
emphas i s  on evapo rat i on o f  b ody exc r e t i ons for heat 
di s s i pat i on . If the env i ronmental humi di ty l ev e l  i s  h i g h , 
evaporat i on i s  made mo re dif f i cu l t  and heat s t res s c o u l d  
deve l op ( Esmay and D i xo n , 1 9 8 6 ) . N . R  S c o t t , J . A . DeS haze r , 
and W . t .  R o l lar s ta t e  the mo i s ture content of the 
envi ronment 
the ani ma l  
wi l l  a l s o  i nd i rec t l y  af fect the pe r fo rmance of 
by reduc i ng a i r  qua l i t y th rough dust 
concentrat i ons and patho gens ( He l l i ckson and Wa l k e r , 1 9 8 3 ) . 
Occupant and env i ronmental energy exchange i s  a 
relat i onsh i p  between me tabol i c  h eat pr oduc t i o n ( MHP ) , 
s en s i b l e  heat l os s  ( S HL ) , evaporative heat los s ( EHL ) , and 
body tempe rature as a func t i on o f  the environment. Many 
var i at i ons in the de f i n i t i o n o f  thermal/environmental zones 
ex i s t . The N . R .  S c o t t , J . A .  DeShazer, and W.L. Rollar 
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Figure 1 .  Environmental temp erature effects on p roductivity 
(MWPS-1 , 1983) . 
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Figure 2. Energy eXchange between environment and animal 
(Hellickson and Walker, 198 3 ) . 
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2) • They de f i ned the s e  z o n e s  to be : zone A ,  z one o f  
hypo thermia; zone CD , z one o f  l east thermo regulat o r y  
ef fort; zone CE , zone o f  minimum me tabo l i sm ;  z o n e  
BE , thermoresulato ry zone; p o i nt B ,  t empe rature o f  
max i mum MHP and po i nt o f  i nc i p i e n t  hypothermia ; po i n t  C, 
c r i t i cal tempe rature , be l ow wh i c h  MHP beg i ns to inc r e a s e 
from the minimum as env i ro nmental temperature dec reas e s; 
po i nt D, tempe rature at wh i ch t h e r e  is a marked inc re a s e  i n  
EHL wi th r i s e  i n  envi ronmenta l tempe rature ; po int E ,  
temperature of inc i p i ent hyp e r t h e rm ia ; and po i nt G, t h e  
po i n t  we re sens ible heat l o s s  n o  l ong er ex i s t s  and an i m a l 
temp e rature i s  equal t o  envi ronmental temperatur e .  I t  i s  
impo rtan t  t o  de f i ne the rang e o f  the therma l env i ronment f o r  
opt i mum an i mal pe r fo rmanc e rath e r  than a s i ngle po i n t  
becaus e o f  the many chang i ns i n f l uenc e s . 
Ani mal Housi nl 
Anima l s  in the wilde rne s s  surv iv e by mov ing abo u t  
and s e l ec t ing an acc eptab l e  envi r onment . The y  are no t o n ly 
expo s ed t� s eas onal ext reme s o f  the the rmal env i ronment , bu t 
are a l s o  subj ec ted to k i l l i ng by predi tors , s t arvation i n  
the winter , g o rg i ng in the s pr ing , and il lne s s  f r o m  
di s eases and paras i t es . Dome s t i c a ted live s t ock used f o r  
human c onsumpt i on and u s e  are , when reared o u t s ide anim a l  
hous ing , expo s ed to s im i l a r  e nv i r o nmental i n f l uenc e s  with o u t  
the freedom o f  s e l ect i ng a c om f o r t ab l e  the rma l environme n t  
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becaus e  o f  area re s t r i c t i on s . The s e  i n f luenc e s  have led 
t o  i nc reas i na numbers of farm an ima l s  be ing hous ed or ra i s ed 
i n  i n t ens i ve product i on fac i l i t i es . The last 20 t o  3 0  year s 
have s een dramat i c  s h i f t s  i n  produc t i on me thods wh i ch have 
general ly bene f i t ted l i ve s t o c k  produc t i on al ong w i th th e 
c onc e rns o f  an ima l  we l fare ( Hahn e t  al . ,  1 9 8 2 ) . 
Pork produc t i on , almo s t  80 pe rcent , i s  pr i mar i l y i n  
1 2  midwe s t ern c orn be l t  s tates . Be tween 1 9 5 0 and 1 9 7 4 ,  t h e  
numbe r o f  hog produc ers dec reased from two mi l l i on to under 
5 00 , 0 0 0  w i th a c o rre spond i ng i nc reas e i n  s i z e  o f  en te rpri s e . 
Produc ers s e l l i ng 1 00 0  o r  mo r e  head annual l y  i n  1 9 7 7  
acc oun t ed for about 40 pe rc en t o f  the t o ta l  p roduc t i on 
c ompar ed wi th s even percent i n  1 9 6 4  ( Hahn et a l . � 1 9 8 2 ) . 
Th i s  t r end o f  inc r eas ing c on f in ement produc t i on fac i l i t i e s  
has a l s o  led t o  a dec reas e i n  l abo r-hours per 4 5 . 3 6 k g  h o g  
produced , dec reas i ng f r om 3 . 0 i n  1 9 4 5  to 0 . 3  i n  1 9 8 0  (USDA, 
1 9 8 5 ) . The s e  trends c o up l ed w i t h  the need f o r  c on s i s ta n t 
suppl i e s o f  an imal product s  has d i c ta t ed the need f o r  a typ e  
o f  hous ing t o  sho rten t h e  an ima l  produc t i o n  c yc l e  b y  
reduc i ng an i mal s t r e s s  f rom env i ronmental e x t reme s . 
Eng i n e e r i n g  has i mp rove d t h e  t echn i c a l  aspe c t s  of 
l i ves t oc k pr oduc t i on s ys tems s i mi lar to the r e a s o n s  t h a t  
operat i o ns i n  o t h e r  produc t i o n d i s c i p l i ne s  have i mproved : 
i ncrea s ed e f f i c i ency , b e t t e r  u t i l i za t i on of r e s o u r c e s , 
i mpr ovement o f  produc t qual i ty ,  improvement o f  env i ronm e n t a l 
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c ond i t i ons f o r  ani mal s , and r educ t i on o f  animal drud g r y  
( Hahn et al . ,  1 9 8 2 ) . P roduc e r s  mus t  pro v i de acceptab l e  
envi ronments f o r  ani ma l s  i n  c o n f i ned produc t i on sys t ems . T o  
accompl i sh th i s  task , t h e  three mai n  s ourc e s  o f  ene r g y  
i nput: feed , fue l , and human ene rgy; and the i r  relat i on s h i p s  
t o  l i ves t ock produc t i on , mus t  b e  exami ned ( F i gure 3 ) . 
The de s i gn o f  a p roduc t i on fac i l i ty w i l l  affect the 
behavi o r  of l i ve s t ock and , i n  turn , affect the e nerg y  
i ntak e , 
Overhul ts , 
t o  ex i s t  
heat produc t i on , and heat l o s s  ( De s h a z e r  and 
1 9 8 2 ) . An e f f i c i en t  bal ance o f  the s e  is though t 
i n  an envi ronmental t empe rature zone wh e r e  h e a t  
produc t i on o f  the an imal i s  f ai r l y  c ons tant . I n  th i s  z o ne , 
l i tt l e , i f  any , energy i s  d i ve r t ed from produc t i on t o  
mai n t a i n  home o the rmy ( De shaz e r  and Ove rhu l t s , 19 8 2 ) .  Thus , 
l ive s tock are 
F o r  exampl e ,  
t emp erature o f  
ani ma l  i n  an 
shel tered t o  i mp r ove produc t i on e f f i c i en c y . 
dur ing c o ld weather the env ironmen t a l  
a hous ed an i mal i s  h i gh e r  than that· o f  a n  
out s ide l o t . Th e h i gher env ironmen ta l  
t emperature o f  t h e  housed an i ma l  conserv e s  heat l o s s , t h u s , 
decreas ing the t o tal heat produc t i on c ompared to an an i ma l  
housed i n  the outs ide l o t . A dec rea s e  i n  an i ma l  h e a t  
produc t i on di verts th e g ro s s  feed ene rgy from h e a t  
p roduc t i on t o  energy re t a i ne d  ·by t h e  an i ma l  (De shaz er and 
Ove rhul t s , 1 9 8 2 ) ( Tab l e  2 ) . 
Thi s  type o f  energy manag ement inv o lves the contro l o f  
i n t e r i o r  env i ronmen t a l  t empe rature and mo i s ture , the 
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Tab l e  2 .  Produc t i on o f  a 1 08 kg marke t h o g  ( MWPS - 1 ,  1 9 83 ) . 
Environmental Tempe rature ( °C) 
4 . 5  
1 5 . 7  
3 2 . 5  
Feed ( kg )  
7 2 0 
3 1 5  . 
7 2 0 
T ime ( days ) 
2 0 0  
1 0 0 
4 0 0  
thermal envi ronment , a l ong w i th o ther var i ables o f  t h e  
s he l ter s uch as i nsulat i on , f l o o r  type , bu i lding mat e r i a l 
t ype , and ven t i l at i on . 
State-Of-The-Art Livestock Env iro nmental Mode l s  
The· u s e  o f  mathema t i c s  has l ong been recogn i z ed a s  a 
very e f fi c i ent method t o  acc e s s  and organ i ze 
s i tuat i ons and the i n te rac t i on be twe en 
env i r onme n t a l  
l i ve s tock and 
envi ronment . W i th the deve l opmen t o f  the c ompu t e r , 
mathema t i cal environmental s imu l at i ons have evo l ved w i t h  
tremendous c reat i vi t y . S eve ral mode l s  have been 
de sc r i b i ng the i n t er i o r  l ive s t ock envi ronmen t  
u s ing a var i e ty o f  approac h e s . 
deve l op e d  
o f  hous i ng 
No rmal des i gn proc edur e o f  an i ma l  h ous ing emp l o ys 
s t eady- s tate heat and mo i s ture ene rgy equat i ons . They we r e  
c ons i dered adequate b y  Co l e  ( 1 9 8 3 ) who s tated that the s e  
e quat i ons could be Us ed t o  pred i c t  t i me -varying bu i l d i ng 
tempe rature w i th i n  1 0  percent o f  that wh ich wo u l d  
be pred i c ted from non - s t e ady cal c u l a t i ons , wh i c h are qu i t e 
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c omp l ex . The s t eady- s ta t e  heat and mo i s ture e nergy 
equat i ons were , thus , used i n  many mode l s  such as S park s 
( 1 9 7 9) for the de s i sn ana l y s i s  and performance s imu l at i on 
f o r  ven t i l a t i ng and hea t i ng o f  l i ves tock s tructur e s . 
Albr i ght and S c o tt ( 1 9 7 4) pre s ented a mathema t i c a l  
and c omputer mode l r e su l t i ng i n  a c l o s ed- form s o l ut i on for 
the s t eady-pe r i od i c  temperature o f  a vent i l ated bu i ld ing . 
Parameters c ons i de red t o  a f f ect the inte r i or envi r onme n t a l  
tempe rature we re : 
ai r tempe rature 
heat i ng , heat 
the mas s  o f  a i r  in the bu i lding , out s i de 
w i t h i n  the 
var i at i on s , the vent i l at i on 
tran s fer w i th the f l oo r , heat 
bu i lding , and bu i lding 
ra t e , s o l ar 
produc t i o n 
c on s t ruc t i on 
character i s t i c s . Th i s  mode l tak e s  the s t eady- s t a t e  heat and 
mo i s ture energy equat i ons beyond·n o rmal de s i gn prac t i c e s  by 
cons i de r i ng the effec t s  o f  hourly weather var i a t i on .  
Ch r i s t ian s on ( 1 9 7 6 ) expanded on the s t eady-per i o d i c  heat and 
mo i s ture energy e quat i on s  by c o n s t ruc t ing a comput er mode l 
that economical l y  ana l yz ed energy c onsumpt i on i n  a l i ve s to c k  
she l t er for varying l eve l s  o f  i ns u l a t i on . Albr i g h t  and 
S c o tt ( 1 9 75 )  al s o  added to the ir prev i ous l y  ment i oned mode l 
by c ons i deri ng mu l t i p l e , therma l l y- i nterac t ing , a ir spac e s . 
Al l o f  the prev i ou s l y  ment i oned s i mul a t i on s  s e emed 
to be l ac k i ng one or more i n f l uenc e s  in the ba l anc e of h e a t  
and mo i s ture . S truc tures w i th a manure p i t  and exp o s ed 
manure and water areas p roduc e l atent heat . Few s i mu l a t i ons 
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acc ount for the fact that mo s t  l ive s tock produc t i on 
fac i l i t i es i nc lude s ome t yp e  o f  e xp o s ed aqueous sur fac e t o  
the envi ronment . The majo r i ty o f  previ ous mode l s  t o o k  i n t o  
acc ount da i l y  diurnal. wea ther ext reme s by c ons truc t i ng t h e  
s imul at i on on a hour l y  bas i s . S eas onal di urnal wea t he r  
ext reme s , howeve r , are much mo r e  radical . The s e  c l imat i c  
f luc tuat i on s  c ou ld b e  c o n s i de red b y  a heat and mo i s tu r e  
balance throughout t h e  l i fe c yc l e  o f  t h e  an imal fo r e ac h  
day . I n  do i ng th i s , t h e  e f f ec t s  o f  an imal g r owth , as a 
func t i on o f  h eat and mo i s ture produc t i on , dur i ng th e 
animal ' s ent i re l i fe cyc l e  c ou l d  b e  cons i de red . Al ong w i th 
dai l y air temperature and m o i s ture , they we re c on s i de r ed 
per i od i c  i n  nature . I n  th i s  re s earch , an attempt w i l l  be 
made to exam i ne the prev i o u s l y  men t i oned c ons ide rat i ons 
and der i ve a pe r s onal comput e r  s imulat i on . 
1 7  
MATHEMAT ICAL ANALYS I S  and COMPUTER SIMULATION 
S imulat i on Descr ipt i on 
A computer s imulat i on was developed to ac c ount f o r  
ani mal growth and c l imat i c  var i at i on i n  l i v e s t ock 
s t ruc ture s . Nume r ous fac t o r s  i n f l uence the ene r g y  exchange 
between the indo o r  and outdo o r  env i ronment s .  Th i s  s i mu l ation 
uses spec i f ic c l imat i c  data to pro j ec t  outdoo r  dry-bu l b  
temp e rature , 
c o nd i t i ons 
func t i onal 
outdo o r  r e lat i ve hum i d i ty , and s o l ar energy 
on a dai l y bas i s . An energy and mo i s tu r e  
i s  t h e n  de r i ved o n  a da i l y bas i s  t o  e s timat e  
inter i or env i ronmental c ondi t i ons . The proc edur e  invo l v e s  
the bal anc i ng o f  an imal heat and mo i s ture produc t i on ,  
s tructural heat and mo i s tu r e  produc t i on , and s o lar heat 
aains wi th s t eady-pe r i od i c  energy exchange through the wa l l s  
and roo f , through the f l o o r , and thr ough vent i l at i on and 
i n f i l trat i on . C o ns i de r i ng the s t ructure i t s e l f  as the 
c on t r o l vo lume , the energy and mo i s ture exchan g e s  c an be 
c onst ruc t ed ( F i gure 4 ) . For th i s  contro l vo l ume we ma y 
wr i t e : 
Ene rgy Ga ined - Ene rgy Lo s t  = 6 Ene rgy ( 1 ) 
and 
Mo i s ture Ga i ned - Mo i s tu r e  L o s t  = 6 Mois ture ( 2 ) 
One o f  the c onc e rns in the deve l opment of the 







• livestock heat production 




heat exchange through floo r  
s o l  solar energy exchange Q
Qvent 
• ventilation/infiltration heat exchange 
cond • surface conductive/convective heat exchange 
M • livestock moisture production 
�im • supplemental and structural moisture production 
�true • moisture exchange through floor 
Mtloor • vent ilation/infiltration moisture exchange vent 
Figure 4. Heat and mo isture excl»,ange in livestock structures . 
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t o  produc e de s i red env i r o nmental c ondi t i ons . 
This mode l can b e  u s ed t o  s i mu l ate the dai l y  
i n te r i or env i ronment o f  a l mo s t  any l i vestock s t ruc ture that 
is we l l  vent i l ated and l i gh t l y  c ons t ruc ted . Th i s  l im i tat i on 
mus t  be i mpo sed becaus e t h e  t h e rmal s t o rage ef fec t s  are no t 
c o ns i de r ed . I t  was as sumed that a s t ruc ture that i s  we l l  
vent i l ated and has sma l l  mas s  would no t c onta i n  a 
s i gn i f i cant amount o f  en e rgy o r  mo i s ture from the prev i o u s  
day . F r o m  equat i ons ( 1 ) and ( 2 )  we c an , therefore , deve l op : 
Energy Ga i ned = Energy L o s t  ( 3 ) 
and 
Mo i s ture Gai ned = Mo i s tu r e  L o s t  ( 4 ) 
Ano ther l im i tat i on o f  th i s  s imu l a t i on i s  the c onstruc t i on 
o f  the bui lding wi l l  rema i n  t he same through the t i me per i od 
be i ng exam ined . The fac i l i ty was , thus , c ons i dered s t e ady­
s ta t e  in nature . No c ondensat i on on inter i o r  surfac e s  wa s 
as sumed . 
Outdo o r  C l imat i c  Data 
The s imu lat i on beg ins by c ons i deri ng a mode l for th e 
outdo o r  env ironmenta l  parame ters - amb i ent air tempera ture , 
re l a t i v e  hum i d i ty , and s o l ar radi at i on . Data s e t s  for t h e s e  
wea t h er parameters are readi l y  ava i l ab l e . 
peri od , the data s e t s  are c on t i nuous . 
For a f i n i t e t i me 
Cont inuous func t i ons de f ined over an i n t erva l o f  
20 
f i n i t e  l eng t h  c an be approx i ma t ed by a Four i e r  s er i e s  
( Be ckwi th and Buck , 1 9 8 2 ) . The real Four i er ser i e s  for any 
s ingl e - valued func t i on F ( x) that i s  c ont i nuous c an be 
repr e s ented by a s e r i e s  in the f o rm ( Alb�i ght , 1 9 8 1 ) :  
+- +-
F (  X) : I I Ao + J=o AJ c o s ( j x )  + J=o BJ s i n ( j x ) ; O�x�2w ( 5 ) 
we re j i s  the number o f  harmo n i c s  ( Symbo l des cr i p t i on s  are 
l i s t ed i n  Appendi x  A ) . 
Albr i ght and S c o t t  ( 1 9 7 4 ) i nd i cated that the bene f i t  
o f  us i ng add i t i onal harmon i c s  i s  l e s s oned a fter the f i fth 
harmon i c , al though wi th each add i t i onal h armon i c  there i s  an 
improved f i t . The Albr i gh t  and S c o t t  mode l ( 1 9 7 4 ) was 
t runcat ed after f i ve harmo n i c s  w i th a reas onab l e  f i t . 
Truncat i on for thi s s imu l a t i o n wi l l , there fore , o c c ur 
a fter f i ve _harmon i c s . Becau s e  t h e  Four i er ser i e s  i s  the s um 
o f  c i rcular func t i ons , the s e r i e s  mus t  return to i t s 
s tar t i ng value after c omp l e t i ng a cyc l e . A t i me per i od l e s s  
than o r  great e r  than a year o f  weathe r dat a  w i l l  n o t  re turn 
to the same data val u e . Because o f  th i s  e f fec t , an 
i ncre a s ed data s e t  is  nec e s s ary t o  a l l ow the Four i er s er i e s  
func t i onal t o  dampen b e f ore the c l ima t i c  peri od 
i nc ludes the ani ma l  growth - cyc l e . I n  the 
t h a t  
examp l e  
s i mul a t i on , the dat a  s e t  was i ncreased by ten percent a t  
t h e  per i od i c  func t i ona l ' s  beg i n n i ng and endi ng to de f i ne t h e  
an ima l ' s  growth cyc l e  ( F i gure 5 ) . 
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D Averaged Temperature Data -- Predicted Temperature 







Sol-Ai r Tempe rature 
The techni que that was u s ed to c ons i der heat g a i n  
due t o  solar rad i at i on throug h  the exter i or wal l s  and roo f 
i nvolves the concept of sol - a i r  temperature . The s o l - a i r  
temperature i s  the temperature o f  the outdoor a i r  that , i n  
the absence o f  al l radiat i on exchanges , g i ves the s ame rate 
o f  heat trans fer to the ext erior s urfac e as ac tual l y  occur s  
by s o l ar rad i at ion , convec t i on ,  and c onduc t i on ( McQu i s t on 
and Parker , 1 9 82 ) . As s um i ng the rate o f  heat trans fer i n  
terms o f  the sol-air temperature , te (o C), ASHRAE ( 1 9 8 5 ) 
has de f ined : 








outdoor a i r  temperature , oc 
absorptance of the surface f or solar rad i a t i on 
total dai l y inc i dent s o lar rad i a t i on upon the 
surface , W/m2 
c oe f f i c i ent o f  heat t rans fer , W /  ( mz -
emi t tance o f  surface 
di f ference be twe en t h e  l ong wavel ength 
i nc i dent on the s ur face from the 
radiat i on emi tted from a b l ac kbody 
air temperature , W / m  
oc) 
rad i a t i on 
sky and 
at ou tdo o r  
The term £� R/ho vari e s  from about zero ° C  for ve r t i c a l  
surfac e s  t o  - 4  ° C  f o r  h ori z ontal surfac e s . The rat i o  ae / ho 
vari e s  from 0 . 0 2 6  ( mz - ° C ) /W f or a l i ght- c o l ored sur f a c e  to 
0.0 5 3 (m2 - o C ) /W for a dark - c o l or ed sur face. 
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The t o t a l  
inc i dent s o lar rad i at i on upon the surfac e , Ht ,  w a s  compu t ed 
from the Four i e r  ser i e s  appro x i mat i on o f  the d i rec t and 
di ffu s e s o lar rad i at i on i nc i dent on a hori z ontal surfac e . 
Du f f i e  and Beckman ( 1 9 80) de f i ne a rat i o , Rr , o f  the da i l y  
t o ta l  rad i at i on o n  a t i l ted surface t o  that o n  a h o r i z on t a l  
surfac e . The procedure f o r  c a l culat ing Rr i s  acc omp l i s h ed 
by addi ng the c on t r ibut i ons o f  the di rect s o lar radi a t i on , 
di ffuse s o l ar radi a t i on , and r e f l ec t ed s o l ar rad i at i on f r om 
th e g round . Rr can be expre s s ed by the relat i ons h i p : 
Rr = ( 1 -Hc�/H ) Rb + (Hc�/H ) ( l+c o s  B /2 ) +p, ( l -co s  B / 2 ) ( 7 ) 
P• i s  the ground surface r e f l ec tanc e rang ing from z e r o  f o r  
dark sur faces t o  o n e  for l i gh t  s u r face s  and B i s  t h e  surface 
s l ope , in deg r ee s , rang ing f r om z e ro t o  1 8 0 . Hc�/ H  i s  the 
rat i o  of da i l y di f fu s e  rad i at i on o n  a h o r i z ontal surface to 
dai l y  di rec t and di ffus e rad i a t i on on a ho r i z onta l surfac e . 
R., i s  the rat i o  o f  the ave rage da i l y  di rec t radi at i on on t h e  
t i l ted surfac e t o  t h a t  o n  a h o r i z ontal surface . T h e  
methodo l ogy in calcu l at i on o f  Hc�/ H  and R .,  i s  found i n  
Append i x  B .  
Ani mal Heat and Mo i s ture Produc t-i on 
By bal anc ing heat pr oduc t i on and heat l o s s  t o  t h e  
env i r onment , home o therm i c an ima l s  ma i ntain near l y  c o n s t an t  
body t empe ratu r e s . The home o therm i c  an ima l  produces b o t h  
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s ens i b l e  and latent heat . For s imula t i on purpo s e s , the s um 
o f  latent and s ens i b l e  heat i s  t o tal hea t . A total ener g y  
and mo i s ture balance i s  be i n g  
l a t e n t  and s ens ibl e heat mus t 
per fo rmed , there fore , bo t h  
be de scri bed . Cal o r i me t ry 
data s e t s  of l i ves t oc k  s e n s i b l e  and latent heat a r e  
incompl e t e  ove r t h e  an imal ' s  g rowth cyc l e . De s i gn graph s , 
such as D 2 70 . 4 in the Ag r i cu l tural Eng i n e e r s  S tandards 
( 1 9 8 4 ) , howeve r ,  are readi l y  ava i l able and c ompl e te . F o r  
th i s  s imulat i on , regre s s i on e qua t i ons o f  the de s i gn g raph s  
were used ( Appendi x  C ) . An i ma l  s en s ibl e and l aten t  heat 
de s i gn graphs are func t i ons of env i ronmental t empe rature and 
anima l  s i z e . A mul t i pl e  r e g re s s i on anal ys i s , the r e f o r e , 
was prefo rmed wi th the de s i gn g r aph s . A l s o , an imal s i z e i n  
t e rms o f  we i gh t  and ag e mus t  b e  mode l ed . Th i s  was 
acc ompl i s hed us ing the same t echn i que as the an i mal s en s i b l e  
and lat ent heat mode l - a mul t i pl e  regres s i on anal ys i s  o f  
an i ma l  ag e ve r s us an imal we i gh t  curve. 
Structural Heat and Mo i s tu r e  P roduc t i on 
Ano ther form o f  heat produc t i on w i th i n  a bu i l din g 
can ari s e  from e l ec t r i ca l l y  generated h eat such as f r om 
l i gh ts and mo t o r s . Th i s  t ype o f  heat ga i n  i s  s ens i b l e  and 
is usual l y  i ndependent of env i r onmental c ond i t i on s .  MWPS-1 
( 1 9 8 3 ) recommends that mechani c a l  heat ga i n  be e s tima t ed 
from: 
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1 wat t  s ens ible heat pe r wat t  i ncande scen t  l i ght i ng 
1 .2 wat ts s ens ible hea t  p e r wat t  fluo re s c ent l i gh t i ng 
1.6 wat t s  s ens i bl e  hea t p e r  wat t  frac t i onal hp mo t o r  
( mo to r  heat gain doe s  no t apply to exhaus t fans 
becaus e i t  i s  a s s umed the heat i s  i mmed i at l y  
exhaus t ed ) 
Supp l emental heat i ng/coo l ing i s  a l s o  accoun t ed f o r  i n  th i s  
po r t i on o f  the anal ys i s . S ens i b l e  supp l emental 
h eat i ng/cool i ng is  usua l l y , howeve r , calculated from the 
energy bal ance . Lat ent h e a t  o r  mo i s ture mi ght a l s o  be added 
i nt e rnal l y  to the s t ruc t u r e  by an i ma l  c o o l i ng t echn i que s  
such as mi s t ing o r  dr i p  c oo l i ng . C ondensat i o n  may a l s o  
occur when surfac e tempe rature s  fal l be l ow int.e r i o r  
env i r onmental dew po int t emp er ature . Condensat i on was n o t  
i nc o rporated into th i s  mode l . 
Steady-Pe r i odic Heat Exchanse Throush Wal l  and Roo f  Sur fac e s  
A good e s t ima t e  o f  ener gy t rans fer through wa l l  and 
r o o f sur fac e s  is e s s ent i al f o r  p r oper s imu l a t i o n . No 
mo i sture t rans fer w i l l  be a s s umed to occur thr ough t h e s e  
s u r fac e s , only s en s i b l e  heat exc hange wi l l  take p l ac e . 
The energy exchanged th rough the wal l s , ce i l i ng , r o o f , 
w i ndows , and doo r s  i s  t e rmed t ran s m i s s i on heat exchan g e  and 
i s  c omput ed from : 
( 8 ) 
whe re : 
Q, = t ransmi s s i on heat exch ang e , W 
U = overal l heat t rans f e r  c o e f f i c i ent , W/ ( m2 � ° C )  
Aa = area , ma 
tt = i n te r i o r  env i ronme n t a l  t emperature ,  ° C  
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A s eparate calcul at i on i s  made f o r  each di f f e rent surface i n  
the s t ruc tur e . The ove ra l l  heat t rans f e r  c o e f f i c i ent i s  
c alculated from the the o r y  o f  thermal r e s i s tance which i s  
anal o gus t o  e l ec t r ical r e s i s t ance . 
The heat f l ow t h rough s t ructural c omponen t s  i s  
e s s en t i a l l y  one -dimens i ona l f o r  each surface and is st e ady­
s ta t e  heat f l ow with t ime vary i ng , s t eady- pe r i odi c . The 
s t ruc ture of wal l s , w i nd ows , doo rs , and roo f a r e  a 
rath e r  comp lex as s embly o f  mat e r i al s . Becaus e o f  the no n ­
homogeneal i ty o f  the s t ruc tur e , prec i s e  rates o f  h e a t  
t r ans f e r  a r e  di f f i cu l t . The c o ncept o f  the rmal res i s tanc e , 
howeve r , has been proven t o  be a very re l i ab l e  me thod i n  t h e  
computat i on o f  h e a t  exchan g e  e s t ima t e s  ( McQuist on a nd 
Park e r , 1 9 8 2 ) . McQui s ton and Park e r  ( 1 9 8 2 ) de f ine the unit 
thermal r e s i s tance as the " R- fa c to r " . Th i s  parame t e r  i s  
ve ry c ommonly f ound i n  t h e rma l / HVAC handbooks and 
lite ratur e . If a sur fa c e is c onst ruc t ed o f  two o r  mo r e  
l aye rs o f  dissimil a r  mat eria l , se ries the rma l res i stan c e , 
the overa l l R-fac t o r  R ' f o r  tha t  su r face i s  de f i ned: 
R '  = Rt + Rz + � • + Ra ( 9 ) 
and 
!lt e s  
i s  
an 
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Simp l y, the sum o f  the R - fact o r s  for each d i s s iml i a r  
mate r i al found i n  that sur face . The ove ra l l  heat tran s f e r  
coe f f eci ent found in e qua t i on ( 8) i s  then de f i ned from t h e  
overal l R- factor t o  be : 
U : 1 /R '  ( 1 0 ) 
The rmal r e s i s tanc e s  may al s o  occur i n  paral l e l  such as i n  a 
f ramed wal l  s i tua t i on w i th di s s i m i l a r  mate r ial s i n  par a l l e l . 
As i n  paral l e l  e l ect r ica l  r e s i s t ance s , the ove ral l R- f ac t o r  
i s  de f i ned as : 
1/RA ' : 1 /R 1 A1 + 1 /Rz Az + • • • + 1 /Ra A a ( 1 1 ) 
Agai n , the overal l R - fact o r  i s  subs t i tuted int o  equat i o n  
( 1 0 )  f o r  u s e  in equat i on ( 8 ) . 
When comput i ng the ove ra l l R- facto r s  for a su r fac e , 
one mus t  be care ful t o  i nc l ude the thermal res i s tanc e s  o f  
00 - .. • A. - a a a a a 
- - 11 - - ... -
convect ive e f fects o f  that s u r face . 
Ven t i lati on/Inf i l t rat i on Hea t  and Mo i s ture Excha� 
Vent i l a t i on/inf i l t rat i on· adds bo th se 
laten t  heat into the l i ve s t ock s tructure and al sc 
energ y  and mo i s tu r e  a t  the s ame t ime . The net 
ene rgy and mo i s ture l o s s  and/o r g a i n . Bee a us 
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energy and a mo i stu r e  func t i onal we r e  c reated , t h e  
vent i lat i on f l ow rate c an be an unknown to deve l op 
vent i l a t i on curves o r  pred et e rmined to ma i nt a i n  a de s i r ed 
energy or mo i s ture l ev e l . A mode l mus t , therefore , b e  
dev e l oped that cons iders both t h e  s ens ible and lat ent heat 
gain / l o s s  by the vent i l at i on s y s t em . 
MWPS -1 ( 1 9 8 3 )  des c r i be s  t h e  sens i b l e  heat l o s s i n  
the vent i lat ing a i r  as the amount o f  ene rgy ne eded to rai s e  
o r  lowe r the t emperature o f  incom i ng a i r  t o  the exhaust a i r 
t empe ratur e : 
( 12) 
whe r e : 
Q •• = s ens ib l e  heat l os s / ga i n  o f  vent i l at ing air , W 
V = volume f l ow rate , m3/ s 
� = ai r Aens i ty ,  kg /m3 
Co = spec i f ic heat capac i ty of mo i s t  ai r ,  kJ I ( kg - o-c )  
a t  outdo o r  ai r t empe rature 
Vent i l at i on a i r that f l ows through the l i ves t o c k  
s t ructure evapo rat e s  mo i s tu r e  f r om f l o o r s , p i ts , and o th e r  
aqu e ous surfac e s  al ong wi t h  an i ma l  mo i s ture pr oduc t i o n from 
the i r  upper respiratory t r ac t s . Mo i s ture l o s s e s  i n  a 
_
s t ruc ture occur almo s t  s o l ey from the vent i l at i n g  ai r .  The 
amount of l atent heat removed by the vent i l at i ng ai r i s  
g i ven b y  ( McQu i s t on and Park e r , 1 9 8 2 ) : 
( 1 3 ) 
29 
whe re : 
Q. a = latent heat removed by vent i l at i ng a i r , w 
WI = indo o r  humidi t y  rat i o , kgw/kgda 
Wo = outdoo r  humidi ty rat i o , kgwj kgda · 
i t . = latent heat o f  vapo r i zat i on o f  ai r at i ndo o r  
condi t i ons , k J/kgw 
Heat and Mo i s ture Exchange wi th F l oo r  
I n  l ives tock s t ruc tur e s , the f l o o r  i s  a c omp l ex 
arrang ement o f  energy and mo i s ture exchang e s  and i nvo l v e s  
cons ide rab le unce rtai nty. A f l o o r  s lab o r  manur e  pi t o r  
c omb i nat i on o f  bo th usual l y  f o rm the cons truc t i on o f  
t h e  f l o o r  in a l i ves tock bu i ld i ng. The ene rgy and mo i s t ure 
exchang e of the f l o o r  is thus r educ ed to that of a c rawl o r  
ha l f  s pace. The s t ruc ture f l oo r  and i nter i or env i ronment 
exchang e o f  ener1y and mo i s ture depends on the vent i l a t i on , 
de fecated was t e , f ounda t i on pe r ime t e r , and manure pi t . The 
f o l l owing s teady-pe r i od i c  e qua t i o n can be used t o  e s t i ma t e  
the energy and mo i s ture exchang e  o f  t h e  f l o o r : 
Qt = Qp r + Qp t c  + Qw + Qp t ( 1 4 ) 
whe r e : 
Q, = ene rgy exchange o f  the f l o o r  and i n t e r i o r  
env i r onment ,  w 
Qp r = pe r ime t e r  ene rgy exchang e , w 
Qp t c  = c onduc t i on pi t ene rgy exchang e , w 
Qw = de fecated was t e  energy exchang e , w 
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Qp t = convect i on p i t ener g y  exchange , W 
Exper imen t s  wi th s lab f l o o r s  have i ndi cated that t h e  
heat loss from a conc r e t e  s lab f l o o r  i s  mo s t l y  through t h e  
s t ructures per ime te r  rather than through � h e  f l oo r  and i n t o  
the g round ( AS HRAE , 1 9 8 5 ) .  Heat l o s s  was , ther e fo r e , 
found to be more near l y  propo r t i onal to the l ength o f  t h e  
per i me ter rather than the a r e a  o f  t h e  f l o o r. ASHRAE ( 1 9 8 5 ) 
has e s t imated the energy exchange by the f o l l owing equat i on 
f o r  both unheated and heated s l ab fl o o r s : 
Qp r = FP ( Ti - To ) ( 1 5 ) 
whe re : 
F = overa l l  heat tran s fe r  c o e f f i c i en t  o f  pe r im e t e r ,  
W/ (m - 0 c )  
p = pe r imeter or expo s ed f l oo r  edge , m 
A s  w i th the thermal r e s i s t ance value s for mat e r i al s , 
per ime ter overal l heat t r an s f e r  c oe f f ic i ents are ava i l ab l e 
in thermal/HVAC handbooks and o ther l i t e rature . 
The conduc t i on ene rgy exchange wi th the manu r e  pi t ,  
Qp t c ,  was de t e rmined by us i ng e qua t i on ( 8 ) . 
i s  the surfac e area o f  the p i t  i t s e l f . 
The area , Aa 
The overal l h e a t  
t r an s f e r  c o e f f i c i en t  o f  the manu r e  p i t w i l l  b e  de t e rm i ne d  
u s i ng s e r i e s  the rma l re s i s ta n c e theo ry w i th the manur e  and 
a i r  spac e be i ng the pr imary d i s s i m i l ar c ons t i guen t s . An 
a s s umpt i on tha t the p i t  b o t t o m  t empe rature wi l l  be that o f  
the s o i l at pi t bo t t om de pth i s  made . The re f o r e , the 
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e xpos ed was t e  surfac e . Th i s  drying rate i s  cons tant and c an 
be calculated f rom the c onve c t i ve heat tran s fe r  e quat i o n 
( E smay and D ixon , 1 9 86) : 
Qp t = hA. w ( t l  - tw ) 
whe r e : 
( 1 7 )  
h = c oe f f i c i ent o f  c o nve c t i ve heat t rans f e r , W / (m2 - ° C )  
A. w = area o f  expo s ed wast e  sur fac e , mz 
tw = t empe rature o f  expo s ed was t e  surfac e ( usual l y  
inte r i or env i ronme nt a l  we t bulb t empe rature ) ,  ° C  
Simulat i on So lut i on 
The t e rms o f  equat i o n  ( 3 )  and equat i on ( 4 ) have n o w  
been de f i ned . Equat i on ( 3 )  i n  - t e rms o f  F i gure 4 become s : 
( 1 8 ) 
Extrac t i ng the l at en t  heat t e rms from e quat i on ( 1 8 )  and 
d i v i d i ng each t e rm by the appropr i ate l at ent heat o f  
vapo r i zat i on , w e  deve l op t h e  mo i s ture bal anc e , equat i on ( 4 ) , 
i n  t e rms o f  the mo i s ture f l ows ( F i gu i r e  4 )  . . 
Ma + M. t = Mv 1 + Mt ( 1 9 ) 
Th e ut i l i ty o f  the s i mul at i on al l ows fo r t h e  
deve l o pment o f  vent i l a t i on curves and r e s u l t i ng 
heat i ng / c o o l i n g  requ i remen t s  f o r  the ma i n t e nanc e of t h e  
s pec i f i ed i n t e r i o r  env i ronme n t a l  c ondi t i ons . Ven t i l a t i o n 
curves are deve l oped f r om b o th the energy and mo i s tu r e  
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ba lanc e s . Mo i s ture cont r o l  i s  accompl i s h ed through t h e  
s o l u t i on o f  t h e  mo i s ture bal an c e  f o r  venti la t i on flow rate . 
Temperature c ontro l i s  ach i eved through the so lut i on o f  t h e  
energy balance for ven t i lat i on f l ow rate . 
Al gebr i ac man i pulat i on l ed to a c l o s ed form s o l u t i o n 
o f  the real energy and mo i s tu r e  func t i onal s .  A c l o s ed f o rm 
so l u t i on do e s  no t produc e t h e  c ompl ex i t i e s i n  c ompu t e r  
c od i ng l ength of run - t ime t h a t  a n  i mp l i c i t  so lut i on wou l d .  
Onc e · i n t e r i o r env i ronmental c o nd i t i ons are spec i f i ed and the 
s tuc ture and l ocat i on are des c r i bed , bo th the energy and 
mo i s ture balance are func t i ons o f  vent i l at i on f l ow r a t e  
alone . As stated ear l i e r , t h e  s o l ut i on of one o f  t h e  
func t i ona l s  for vent i l at i on -f l ow rat e for mo i ature o r  
t emperature 
i n t o  the 
cont r o l  a l l ows t h e  f l ow rat e t o  be 
o th e r  func t i onal t o  prov ide 
s ub s t i t u t ed 
mo i s t ure o r  
heat i n g / c o o l i ng requ i r ement s  t o  
i n t e r i o r env i ronmental c ondi t i on s . 
mai nta i n  the spec i f i ed 
The s i mu lat i o n had a 
max imum vent i l at i on rate o f  5 7  L / s  pe r an i ma l , the 
rec ommended vent i l at i on rate f o r  1 0 0  kg s�ine unde r h o t  
wea ther c ondi t i ons ( MWPS - 1 ,  1 9 8 3 ) . The maximum was 
e s tab l i shed to ana l yz e  s umme r c ond i t i ons wh en o u t d o o r  
tempe rature nears the spec i f i ed i n t e r i o r  t empe ratu r e  o r  
r i s e s  above i t . 
C ompu t e r  S imul at i on S t ruc ture 
The c omput e r  s i mu l at i on was used t o  de s cribe the 
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dai l y i nt e r i o r  env i r onmental c ondi t i ons o f  a l i ve s t ock 
s t ru cture for the l i fe c yc l e  of an an i mal type . T o  
accompl i sh th i s , the equa t i on s  previ ous ly de s rc i bed mus t be 
s o l ved . Th i s  was ach i eved by c od i ng equ�t i ons ( 3 ) thru ( 2 1 )  
i n t o  the c omputer s imul at i on s truc ture . ( F i gure 6 ) . 
The s imul at i on was c oded i n  GW-BAS I C  3 . 2 .  The 
lan guage prov i ded suf f i c i en t  memory a l l ocat i on w i th 
r e s onab l e  calculat i on t im e  f o r  the examp l e s  us ed . Howev e r , 
l on g e r  an i mal g r owth cyc l e s  c ombi ned wi th a more elabo r a t e  
l i ve s t ock s t ructure c ons t ruc t i on m i gh t  l ead to insuff i c i en t  
memory . In th i s  case , a d i f fe rent l anguage , such a s  
Pro fe s s i onal BAS I C  o r  Qui ck BAS I C , wi th g reater mem o r y  
al l oc at i on , m i g h t  be u s ed . The s imulat i on was run on a 
dua l -di s k  dr ive per sona l c omput e r  wi th 2 5 6  k i l obyte s  o f  
Random Acc � s s  Memo ry ( RAM ) . The s imulat i on , i n  GW-BAS I C  
c omputer c od ing , can be u s ed o n  any c ompat i b l e  c omputer . 
S to rage Re servat i on for 
Data and Parame ter I nput 
Read I nput Data Desc r 1  
Wal l s , Windows , Doors , 
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Read I nput Data Desc r i b i ng 
Geo graphi c  Loc at i on and 
S imulat i on S truc ture 
F l o o r , and Roo f �--------" Calculate Paramet e rs for ------------------------------J S t eady-Per i odi c Energy 
Read I nput Data Desc r i b ing 
An i ma l  and S truc tural 
and Mo i s ture Exchange Thru 
Wal l s , W i ndows , Doors , 
._ _ __. Fl o o r , and Roo f  
Ene rgy and Mo i s ture Exchang �--� Cal culate Paramet e r s  f o r  
S t eady-Pe r i odic Ene rgy 
and Mo i s ture Pr oduc t i on 
Read I nput Data Des c r ib in g �------� by L i ve s t ock and S t ruc ture 
Outdoo r  Env i ronmental 
Condi t i ons and Spec i fy i ng 
I ndoo r  Env i ronmental 
Cond i t i ons ,._ ____ .....,. Cal culate Real Four i e r  
Comb i ne Heat Transm i ss i on 
C o e f f i c i ents 
Calcul ate Suppl emental 
Requ i rement s  t o  Provide 
Spec i f i ed Inter i o r  
Env i r onmental Condi t i ons 
S e r i e s De s c r ib ing Outdoo r  
Cond i t i ons 
S to r e  I nput 
Parame ters 
Cal culate Vent i l at i on 
Rate s  
F i gure 6 .  F l ow chart o f  c omputer s imulat i on . 
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S IMULATI ON EXAMPLE PROCEDURE 
The purpo s e  o f  t h e  s imulat i on was to p r ed i c t  
i n te r i o r  env i ronmental c o nd i t i ons a s  ani mal growth and 
c l imat i c  c ond i t i ons change . Deve l o pment o f  the s i mulat i on 
i s  fo l l owed by computer i mp l em en tat i on for the evaluat i on o f  
mode l per fo rmance and s e ns i t i v i t y . Th i s  wi l l  b e  
accomp l i shed by exam i n i ng t h e  re sponse o f  a l i v e s t ock 
fac i l i ty of two di fferent c o n s t ruc t i ons and two di f fe r e n t  
c l i ma t i c  s easons . From th e s e  spec i f i cat i ons , vent i l at i on 
curves and suppl emental heat i ng / c o o l i ng requi rements we r e  
devel oped bas ed upon i mpo s ed l im i tat i on s  a s  t h e  an ima l 
g r ows . 
A 
f i n i s h i ng 
obta i ned 
by 2 4 . 3 8 
swine , env i ronmental l y  
fac i l i ty was s imul a t ed . 
c ont ro l l ed , g row i n g ­
The s t ruc ture plan was 
S e rv i c e  ( 1 9 8 3 ) , a 8 . 5 3 m 
bu i l ding ( F i gure 7 ) . The 
from Midwes t  P l an 
m s tud- frame wal l  
s t ruc ture i s  a monos lope , mod i f i ed open front bu i l d i n g  
hous i ng 2 4 0  anima l s  and i s  nat u ral ly vent i lated year around . 
Manur e  i s  stored be l ow a ful l y  s l o tted f l o o r  in a 3 . 0 5 m 
w ide p i t extending the l ength o f  the bu i l d i ng . The fac i l i t y 
s i t e i s  l ocated near Brook i n g s , S outh Dak o ta a t 4 4 . 3 0 8 ° 
l a t i tude north and 9 6 . 7 92° we s t  l on g i tude . Th e bu i l ding i s  
l ocated w i th the l eng t h  o f  t h e  fac i l i t y o r i en t ed 
and roof s l op i ng upward t o  the s outh . 
de sc r i pt i on da ta we re proc e s s ed and s t o red 
eas t - we s t  
F ac i l i t y 
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s imulat i on f o r  man i pu l at i on .  
The data and s imul a t i on were us ed i n  Eng l i sh un i t s  
and mani pu lated t o  S tandard I n te rnat i onal un i t s for t h e  
manus c r i pt . Al l data u s ed i n  t h e  s imu l at i on c an b e  
f ound i n  Appendi x  D .  As prev i ous l y  s tated , the s imul at i on 
evaluat i on w i l l  take plac e near Brook i n g s , S outh Dak o t a  
dur i ng two d i f ferent p roduct i o n  cyc l e  per i ods . T h e  
p roduc t i on c yc l e  was de f i ned t o  beg i n  i n  t h e  p i g l et s  n i n t h  
week and end i n  t h e  an ima l ' s  2 3  week o f  age . 
c yc l e  i s  9 6  days l ong . The l en g th o f  the 
The produc t i o n 
data s e t  and 
s i mu lat i on per i od wi l l  extend t o  1 2 0  days to acc ommodat e  t h e  
Four i e r s e r i e s  data s e t  adj us tmen t . The two di f fe r e n t  
pr oduc t i on cyc l e  pe r i ods a r e  t h e  months o f  May th ru - Augu s t  
f o r  summe r c ondi t i ons and November thru February f o r  w i nt e r  
c o nd i t i ons . The s imulat i on s i te was as sumed no t t o  have any 
obs t ruc t i ons to h i nder fac i l i ty c ons t ruc t i on o r  vent i l at i o n 
system pe rformanc e . The fac i l i ty o r i entat i on was the same 
for b o th product i on c yc l e  pe r i ods . Weathe r  data for t h e  
produc t i on cyc l e  per i ods we r e  obta i ned f rom t h e  weat h e r  
s ta t i on at S outh Dakota S ta t e  Un i ve r s i ty ,  B r o ok i ngs , S ou th 
Dak o ta ( Lyt l e , 1 9 8 7 ) . The c l ima t i c  parame t e r s  used we r e  
da i l y average dry-bulb temperatu r e , relat i v e  hum i di t y , and 
di rec t and di f fus e rad i at i on o n  a h o r i zontal sur fac e . T h e  
i n s t rumentat i on used to c o l l ec t  th i s  data were thermome t e r s , 
obs e rv i ng dry-bulb and w e t - bu l b  tempe ratur e s , and a 
pyranome t e r , mounted on a h o r i z ontal surface t o  obs erve 
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di r e c t and d i f fuse radi at i on . The da i l y  c l ima t i c  data we r e  
ave raaes of the years 1 9 8 4 , 1 9 8 5 , and 1 9 8 6 . The s o i l  
paramet e r s  that were used i n  the e quat i on deve l oped by 
Car s l aw and Jaeger ( 1 9 5 9 ) we r e  taken from ASHRAE ( 1 9 8 7 ) . 
S o l ar radiat i on c ons tan t s  and var i ab l e s  needed for th e 
c onve rs i on o f  hor i z ontal t o  t i l t ed surfac e di rec t and 
d i f fu s e  so lar rad i at i on we r e  found in Duf f i e  and Beckman 
( 1 9 8 0 ) . 
To s imu l a t e  the s t ruc ture ' s  inte r i o r  env i ro nmen t , 
spec i f i cat i ons mus t  be impo s ed . A mo i s ture spec i f i c at i on o f  
7 5  p e r c en t  i nt e r i or r e l a t i v e  humi di ty wa s made al ong w i th an 
energy spec i f i cat i on of 2 5 . 6  ° C  i n t e r i o r  env i r onmenta l 
t empe rature . Manur e  t h e rmal p r o pe r t i e s and pr oduc t i on w e r e  
t ak en from MWPS - 1  ( 1 9 8 3 ) , Hobs on and Tai ganide s  ( 1 9 8 3 ) , and 
D i xon , We l l s , and E smay ( 1 9 7 8 ) . The s e  prope rt i e s  we r e  tak e n  
at 1 0  p e rcent to tal s o l i d s . The mul t i p l e  r e g re s s i o n 
analys i s  for an imal heat and mo i s ture produc t i on and we i gh t  
gai n  was preformed on g raphs f o und i n  Ag r i cul tural Eng i ne e r s  
S tandards ( 1 9 8 4 ) , D2 7 0 . 4 ,  f o r  swine . Trans format i on from 
graph i cal to func t i ona l form was exce l l ent w i th a mu l t i p l e  
r e g re s s i on coe f f i c i en t  o f  de t e rmi nat i on o f  no l e s s  than 
0 . 9 8 4 . As seen in the ana l ys i s  i n  Append i x  C ,  one c ou l d  
c onc l ude t h e  s w i ne heat and mo i s ture product i o n and we i gh t  
ga i n  curv e s  were reproduc ed i nt o  e quat i ons wi th no l e s s  than 
9 8 . 4  pe rcent accurac y . 
4 0  
The bu i ld i ng cons t ruc t i on c ons i s t ed o f  e i gh t  wa l l  
t ype s , two door type s , no w i ndow types , and a mono s l op e  
r o o f . A 1 5 . 3  em c ement wal l  c ons t ruc t i on formed the bas e  
o f  the four bui ld i ng s ides . A f rame wal l wi th s tuds 6 1  em 
on c enter , approxima t e l y  7 . 3  pe rcent fram i ng , shaped t h e  
c on t i nuat i on o f  t h e  four bu i ld i ng s i des . Ven t i lat i on doo r s  
we r e  fu l l y opened for summe r c ond i t i ons and t i gh t l y  c l o s ed 
f o r  w i nt e r  c ondi t i ons . The ven t i l at i on doors were o f  frame ­
t yp e  cons truc t i on on t h e  s ou t h  and north s ide o f  t h e  
s t ruc tur e . The ven t i lat i on doors had 2 3  pe rcent fram i ng . 
The s t ruc ture ' s  entrance doo r s , 4 . 5  em th i ck w i th a ure thane 
c o re , are found on the bu i ld i ng s ides that do not have t h e  
vent i lat i on doors ( eas t and we s t  s ides ) .  The fac i l i t y h a s  a 
mono s l ope roo f wi th beams l oc a t ed 6 1  em on cent e r  and has a 
1 2  per c ent upward s l ope t o  t h e  s outh . 
Summer c ond i t i ons we r e  ana l yzed when us i ng ( 1 ) t h e  
F our i e r  s e r i e s  dai l y t emp e ra t u r e  predi c t i on val ue s  and ( 2 )  
5 . 6 ° C  added to these val ue s . The h i gh e r  val ue acc oun t ed 
for t h e  extreme da i l y d i urnal t emperature. max imums and 
e s tab l i shed s i mula t i on v e r i f i cat i on and s ens i t i v i t y .  
A l t e r i ng fac i l i ty c onstruc t i on by vary i ng i ns u l at i on l eve l s  
and vent i l at i on do o r s  for w i n t e r  c ond i t i ons a l s o  e s tab l i s h ed 
s i mu l a t i on ver i f i ca t i on and s en s i t i v i t y . Two i n s u l a t i on 
l eve l s  we re s imu lated : ( 1 ) R - 2 1 i n  r oo f , R - 1 3  i n  wa l l s , and 
R - 5 i n  vent i l at i on do o r s  and ( 2 ) R- 1 3  i n  ro o f  and R - 0  i n  
wal l s  and vent i l at i o n doo r s . Ma t e r i al comb i na t i ons o f  
4 1  
c on s t ruc t i on typ e s  c an be found i n  Append i x  D .  
4 2  
RESULTS and D I SCUSS ION 
Summer Condi tons 
A s t eady-pe r i odi c eneray and mo i s ture anal ys i s  was 
u s ed to exami ne the prev i ous l y  de s c r i bed bu i lding . T h e  
i n t e r i or envi r onmental cond i t i ons spec i f i ed dur ing t h e  
summe r condi t i ons we re 7 5  p e r c e n t  relat ive humi d i ty and a 
t empe rature o f  2 5 . 6  ° C .  The s t eady- s t a t e  parame ters o f  
t h i s  anal ys i s  can b e  found i n  Appendix D .  The per i od i c  
parame ters are des c r i bed i n  F i gure 8 through F i gure 1 3  - t h e  
an ima l  produc t i on pe r i od o c c u r s  be twe en t h e  ve r t i cal da s h e d 
l i nes on the h o r i z ontal ax i s . 
The Four i er s e r i e s  was f i t t ed t o  real · data 
ave raged weathe r value s of 1 9 8 4 , 1 9 8 5 , and 1 9 8 6  f o r 
B rook ings , South Dakota ( F i gu r e  8 ) . The data s e t  began i n  
May and ended i n  Augus t .  The ave rage t empe rature da t a  
r e f l e c t s a no rmal May , June , and Jul y f o r  B r o o k i ngs , S ou t h  
Dakota and a be low ave rag e Aug u s t .  The Four i er s e r i e s  w i t h  
f i ve harmon i c s  prov i ded a g ood v i sual f i t  t o  the r e a l  
t empe rature 
range from 
da ta and re f l e c t s  a s eas onal fluc tuat i on w i t h  a 
1 3 . 5  o c  t o  2 2  ° C .  The prob l em o f  f i t t i ng a 
Four i e r s e r i e s  to real dat a  wh i c h  doe s  no t r e tu rn exac t l y  t o  
i t s s tart i ng po i n t  was prev i o us l y  men t i oned . The eff e c t  i s  
ev i dent here . One mus t  be c ar e ful not t o  anal yze o u t s i de 
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Figure 8 .  Fourier series p rediction o f  outdoor temperature 
( summer condit ions). 
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to beg i n  and end at the s am e  data va l ue . Th e Four i e r 
repre s entat i on o f  temperature da ta beg i n s  and ends at t h e  
s ame value . Th i s  i s  an i nd i c a t i on o f  a proper mode l . 
Manure p i t  bottom t empe rature was as s umed t o  b e  
g round temperature a t  that dep t h  l evel ( Fi gu r e  9 ) . I n  t h i s  
examp l e , s imulat i on f o r  t h e  manure p i t  b o t t om i s  at t h e  
2 . 4 4 me t e r  leve l . The C a r s l aw and Jaeg e r  ( 1 9 5 9 ) 
repre s enta t i on provided a s i nus o i dal increase i n  tempe r a t u r e  
from 4 o c  a t  t h e  beg i nn i ng o f  the produc t i on cyc l e  to 1 1  ° C  
at the end o f  the product i on pe r i od for summe r c ond i t i o n s . 
The Car s l aw and Jaeger ( 1 9 5 9 ) representat i o n  o f  g ro und 
tempe rature at the 2 . 4 4 me t e r  l eve l s e em t o  have a val l e y i n  
Apr i l  and a peak i n  S eptemb e r  f o r  Brook i ng s , S outh Dako t a . 
The func t i on i s  i n  ag reement w i th s o i l  tempe rature des i gn 
data ( AS HRAE , 1 9 8 7 ) . 
S o l �ai r tempe ratures f o r  e i ght wa l l  type s , two do o r  
t ypes , and the roo f we r e  c a l c u l ated for s umme r c ondi t i on s . 
I f  one examines the so l - a i r t empe rature o f  the roo f ,  i t  i s  
evident the s o l - a i r tempe rature var i at i on f o l l ows that o f  
the Four i e r  s e r i e s  predi c t i on o f  outdoor tempe rature ( F i gu r e  
1 0 ) .  S o l - ai r tempe rature i s  a func t i on o f  outdo o r  
t empe ratu re and di rect and di f fu s e  radiat i on o n  a h o r i z on t a l  
s u r face ( Append i x  B ) . T h e  s o l - a i r tempe rature func t i o n 
f l uc tuat e s  be tween 2 2  ° C  and 3 2  ° C .  The o f f s e t  be twe en t h e  
Four i e r  s e r i e s  predi c t i on o f  o u t s i de tempe rature and s o l - a i r 
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Figure 11 . Fourier series p rediction of  outdoor relative 
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Re l at i ve humidi ty dat a , ave r ag ed 1 9 8 4 , 1 9 8 5 , and 1 9 8 6  
val ue s , were f i t t ed t o  a curve b y  F ou r i er anal ys i s  ident i ca l  
t o  t h e  outdo o r  temperature data ( Fi gure 1 1 ) . The three year 
average outdoor relat i ve humi d i t y  data are qui t e  scattered . 
A l i near regre s s i on might have provided a suf f i c i ent f i t  t o  
t h e  data . A l inear reg r e s s i on anal ys i s , howeve r , wou ld n o t  
have prov i ded the s eas onal f l uc tuat i on that the Four i e r 
s e r i es ana l ys i s  produc e s . The Four i e r s e r i e s  outdo o r  
re l a t i ve hum i d i t y  predi c i to n  r anged f rom 6 4  percent to 7 4  
percent for summe r c ond i t i on s . Th i s  s imu lat i on used t h e  
outdo o r  r e lat i ve hum id i ty predi c t i on func t i onal al ong wi t h  
the outdoo r  temperature predi c t i on func t i ona l and app l i ed 
Brooke r , Bakk er -Arkema , and Ha l l ' s  ( 1 9 8 2 ) repres entat i on o f  
the psych rome t r i c  chart t o  produc e the da i l y outdo o r  
hum i d i ty rat i o . 
An i ma l  s ens ible and l a tent heat produc t i on we r e  a 
mul t i p l e  regr e s s i on func t i on a l  o f  inter i o r  envi ronme n t a l  
t emperature and an i ma l  we i g h t  g a i n  ( F i gure 1 2 ) . T h e  
i n te r i or env i ronmental tempe rature was spec i f i ed t o  be 2 5 . 6  
° C  and swine we i gh t  gain i s  repres ented i n  F i gure 1 3 . Th e 
spec i f i ed i n t e r i o r  env i r onme n t a l  temperature rema i ned t h e  
s ame throughout t h e  pr oduc t i on c yc l e  and f o r  b o t h  summe r and 
w i n t e r  c ondi t i ons fo r c ompar i s on . S i nc e  the mu l t i p l e  
r e g r e s s i on analys i s  i s  a func t i on o f  i n t er i o r  env i ronmen t a l  
t emperature , t h e  s imulat i o n  c o u l d  ac c ommodat e  varying i nd oo r  
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curv i l i near l y  from 2 2  kg t o  1 0 0 kg throughout the produc t i o n 
c yc l e . App l y i ng these 'spec i f i c at i ons to the mul t i p l e  
regre s s i on analys i s , a swine l at en t , s en s i bl e , 
heat funct i onal was deve l oped . Latent heat 
i nc reases l i near l y  f rom 5 2  watt s  t o  85 wat ts 
and t o t a l  
produc t i on 
over the 
produc t i on cyc le . Whereas s en s i b l e  heat p r oduc t i on fo l l ows 
the swine we i gh t  gain func t i on a l  and inc reases curv i l i near l y  
f r om 4 0  wat t s , c ro s s es the l atent heat func t i onal a t  7 0  k g  
o f  g r owth , and cont inu e s  t o  9 5  wat t s . At a c o n s t a n t 
i nt e r i or env i ronmental tempe rature , an i mal s ens ibl e h e a t  
produc t i on increases at a fas t e r  r a t e  than an i mal l a t e n t  
heat produc t i on through t h e  s w i ne ' s  produc t i on c yc l e . 
Coup l i n g  th ese func t i onal s t og e th e r  produce s  a t o tal heat 
equa t i on that inc reases curv i l i near l y  from 9 2  wat t s  t o  1 8 0  
wat t s . 
The - per i od i c  func t i ona l s  we re comb ined w i th s t eady ­
s tate parame ters and the energy balance e quat i on was s o l v e d  
f o r  tempe rature c ontrol t o  ma i n ta i n  t h e  spec i f i ed i n t e r i o r  
envi ronmental c ondi t i ons . Whe n  the mo i s ture func t i onal i s  
s o l ved for vent i l at i on rate - mo i s ture c o n t r o l  - and t h e  
energy func t i onal i s  
- tempe rature c on t r o l  
s o l ved f o r  v e n t i l at i on 
the vent i l a t i on rate 
r a t e  
f o r 
t empe rature c o n t r o l  i s  l ar g e r  t h an t h a t  f o r  mo i s ture c on t r o l 
and t h e o re t i ca l l y  governs i t  f o r  s umme r  c o nd i t i ons ( MWPS - 1 ,  
1 9 8 3 ) . A 
t he r e fo r e , 
ven t i l a t i on 
us ed w i th 
r a t e  f o r  t empe rature c o n t r o l  wa s , 
t h e  p r ev i ou s l y  de s c r i bed max i mum 
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vent i lat i on rate . Two s i tuat i on s  we re exami ned for s umme r 
c ondi t i ons . The f i r s t  s c ena r i o  used the Four ie r s e r i e s  
ave rage tempe rature func t i onal a s  outdo o r  temperature . I n  
the s ec ond scena r i o , 5 . 6  ° C  was added t o  each day o f  t h e  
tempe rature func t i onal . The i nc reased outdoor tempe r a tu r e  
w a s  used to examine s i mul a t i on s ens i t i v i ty and d i urna l 
f l uc tuat i ons . 
The ven t i lat i on rate r e qu i red to produc e  th e 
spec i f i ed inter i o r  env i ronmental c ondi tons fo l l ow s  th e 
outdo o r  tempe rature func t i onal wi t h  a 
from the swine t o tal heat func t i onal 
c oupl ing i n f l uenc e 
( F i gu re 1 4 ) . S i n c e  
outdoor tempe rature n e v e r  r o s e  pas t t h e  s pec i f i ed i n t e r i o r  
t empe rature , the vent i l at i on rat e  never approac h ed a 
spec i f i ed max imum vent i l at i on r a t e . The vent i l at i on rat e 
f o r  s ummer cond i t i ons var i ed from 9 0 0  L / s  at the beg i nn in g  
o f  the produc t i on pe r i od t o  6 0 0 0  L / s  when the h i ghes t 
average da i l y outdoor tempe ratur e  o c cured . The spec i f i ed 
max i mum ven t i l at i on ra t e  o f  1 3 , 6 8 0  L / s  for the bu i l ding was 
t h e  rec ommended vent i l a t i o n  rate for f i n i sh i ng swine in h o t 
weathe r  c ondi t i ons ( MWPS - 1 , 1 9 8 3 ) .  The Midwe s t  Plan S e rv i c e  
( 1 9 8 3 ) recommends two vent i l at i on rates , i f  mi ld we ather 
c o nd i t i o ns are as sumed . F o r  t h e  s pec i f i ed s t ruc ture and 
o c c upan t c ondi t i ons , the r e c omm ended vent i l at i on rat e i s  
2 7 1 8  L / s  unt i l  the swine reach a we i ght o f  6 8  kg and 3 96 5  
L / s  therea f t e r . When the ven t i l at i on rate func t i ona l i s  
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ave raged to a swine we i g h t  
ven t i lat i on rat e i s  23 0 7  L / s . 
o f  6 8  kg , the res u l t i ng 
The di f f e renc e be twe en the 
MWPS rec ommended vent i l at i on rat e and the ave raged 
ven t i lat i on rat e i s  4 1 1 L / s , 1 5  p e r c ent . After the h o g  has 
reached a we ight of 68 k g , the ave raged 
·
vent i l at i on rate i s  
4 6 2 6  L / s . A d i f fe rence o f  6 6 1 L / s , 1 7  percent , exi s t s  
between the rec ommended and ave raged vent i l at i on f o r  s w i n e  
a f t e r  atta i n i ng a we i gh t  o f  6 8  k g . I t  i s  apparent that 
outdoor tempe rature has a larg e r  i n f l uenc e 





produc t i on cyc l e  when the an ima l  has i t s large s t  r e qu i rement 
t o  di s s i pate heat ( F i gure 1 2  and 1 4 ) . 
Dur ing summe r  condi tons , the vent i l at i on rate for 
tempe rature cont r o l  i s  above that o f  mo i s ture c o n t rol . Al l 
the mo i s ture , the re fore , that i s  produced i s  r e moved f rom 
the bu i l d{ng and the int e r i o r  mo i s ture l eve l i s  t h a t  o f  
outdo o r  condi t i on s  i f  mo i s ture i s  no t added o r  s ub t rac t e d . 
F o r  summer condi t i ons th i s  i s  not a probl em un t i l o u tdo o r  
re l at i v e  hum i d i ty become s ext reme l y  l ow o r  ext reme l y  h i gh . 
A h i gh mo i s ture l ev e l  wi l l  s t re s s  the an i ma l  by hampe r i ng 
i t s  ab i l i t y to d i s s i pa t e  heat and c re a t i ng d i s e a s e  prob l ems . 
Con v e r s e l y , a low i n t e r i or mo i s t u r e  l e ve l w i l l  t end to 
c re a t e  a dus t p rob l em and produc e a poo r  work i ng env i ronme n t  
for t h e  an i ma l  manage r .  W h e n  t h e  ve n t i l at i on r a t e  for 
t empe r a t u r e  con t r o l i s  u s ed i n  t h e  mo i s t u r e  b a l anc e for 
s umme r · condi t i o ns , the amoun t  of mo i s t u r e  add i t ion to 
1 4  
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rec ommended vent i l a t i on rate i s  8 5 0 0  L / s  f o r  swine t o  6 8  k g  
and 1 3 6 8 0  L / s , the spec i f i ed max imum rate , th e reaf t e r . 
C ompar ing the average vent i la t i on rate upt o a swi ne we i gh t  
o f  6 8  k g  - 5 2 6 7  L / s  - wi t h  the r e c ommended ven t i lat i on rate , 
a di f fe renc e o f  3 2 2 4  L / s , 3 1 . 5  pe rcent , ·  ex i s t s . A f t e r  t h e  
h o g  has reached a we i gh t  o f  6 8  k g , the average vent i l at i o n 
rate i s  1 2 , 3 6 2  L / s . The d i f f e r e nc e  be twe en the rec ommend e d  
ven t i l at i on r a t e  and the ave rage v en t i l a t i o n r a t e  i s  1 3 1 8  
L / s , 1 0  percent . Compar i ng t h e  s umme r cond i t i on s c ene r i e s , 
one can c onc l ude that a s t ruc t ure o f  smal l ma s s  i s  v e r y  
s ens i t i ve to t empe rature f luc t ua t i on s . 
When the vent i l a t i on rate f o r  summer c o nd i t ons w i t h  
t h e  add i t i on o f  5 . 6  ° C  was u s e d  i n  the mo i s ture ba l anc e t o  
ma i n t a i n  2 5 . 6  ° C  and 7 5  percent re lat i ve hum i d i ty , t h e  
r e s u l t i ng bal ance y i e l ds a peak w h e n  t h e  vent i l at i on max i mum 
rate i s  f i r s t  reached ( F i gure 1 7 ) . Th i s  wou l d  be t he p o i n t 
wh e r e  l ow int e r i o r  mo i s t u re p r o b l ems m i gh t  occur w i th l ow 
outdo o r  relat i ve humidi ty . As t i me proceeds , t h i s prob l em 
r e l ax e s  becau s e  the sw i ne are i nc reas i ng the i r  latent h e a t  
produc t i on wh i l e  the vent i l a t i on s ys t em ' s ab i l i t y t o  
d i s s i pa t e  mo i s ture rema i n s  t h e  same . 
Onc e the ven t i l at i on max i mum rate h a s  been r ea c h e d , 
t he vent i l a t i on s y s t em i s  no t ma i n t a i n ing the s pec i f i ed 
i nd o o r  tempe rature c o ndi t i on . I f  t h e  vent i l a t i o n f unc t i o n 
f o r  tempe rature con t r o l  i s  reus ed i n  the ene rgy ba l anc e , t h e  
amoun t o f  supp lemental energy thr ough out t h e  pr odu c t i o n 
5 5  
c yc l e  i s  obtai ned ( F i gu r e  1 8 ) .  The peak amount o f  c o o l i ng 
n eeded occurs at the peak t empe rature . I n  a large numbe r  o f  
c onf inement fac i l i t i e s  t h e  v e n t i la t i on rate remai n s  t h e  s ame 
throughout the an imal produc t i on c yc l e  for the s eason . The 
rec ommended vent i l at i on rat e  for f i n i s h i ng s w i ne in m i ld 
weathe r , 1 7  L / s  per h o g  ( MWPS - 1 ,  1 9 8 3 ) , was us ed i n  the 
energy func t i on f o r  summe r c ond i t i on s  ( F i gure 1 9 ) and s umme r 
c ondi t i ons + 5 . 6  o c  ( F i gu r e  2 0 ) .  
r e qu i r ed t o  
th roughout 
ma i ntain the spec i f i ed 
the an i mal ' s  l i fe c yc l e 
The range i n  e n e r g y  
int e r i o r 
rema ined 
c o nd i t i o ns 
the same , 
2 4 0 , 0 0 0  wat t s , f o r  bo th s c e n ar i o s . The i nc reas e o f  5 . 6 ° C  
i n  t empe ratur e ,  h oweve r , o f f s e t  the ene rgy func t i o n s  by 
6 0 , 0 0 0  wat t s . It is ev i de nt f r om the previ ous s c e nar i o s  
that di urnal tempe ratur e f l uc tuat i ons g reat l y  a f f e c t  t h e  
i n t e r i o r  env i ronment o f  t h e  s t ructure . T h e  s ea s onal 
temperature f l uc tuat i on s  have the g r ea t e s t  e f fec t o n  the 
i nt e r i o r  env i ronment of the s t ruc ture at the e n d  o f  the 
produc t i on cyc l e  when an i ma l  
max i mum ( F i gure 1 2 , 1 4 , and 1 6 ) .  
ene r g y  pr oduc t i on i s  a 
W i nt e r  Condi ti ons 
Th e s i mu l at i on was al s o  appl i ed t o  w i n t e r 
c o nd i t i o ns wh ere t h e  i n t e r i o r  env i ronmenta l spec i f i c a t i o n s  
r ema i n ed i dent i ca l  t o  the s umme r  c o nd i t i on s  o f  2 5 . 6  ° C  and 
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o f  the w i n t e r  anal ys i s  c an b e  found i n  Append i x  D .  The 
pe r i od i c  parame t e r s  i nvo l ved c an be found i n  F i gu r e  2 1  
th rough F i gure 2 4 . Swine ener g y  p roduc t i on ( F igure 1 2 ) and 
swine we i gh t  ga in ( F i gu r e  1 3 ) r ema i ned the same f o r  w i n t e r  
c o nd i t i ons a s  i t  was f o r  s umme r c ondi t i ons becau s e  o f  t h e  
same i nt e r i o r env i ronmental s p e c i f i c at i ons . 
The data - ave raged t empe ratures , humidi t i e s , and 
rad i a t i on val ue s  f r om 1 9 8 4 , 1 9 8 5 , and 1 9 8 6  for B r o ok i n g s , 
S o u th Dakota - were f i t t ed by Four i e r s e r i e s  for outdo o r  
w i n t e r  c ondi t i ons ( F i gure 2 1 ) .  The da ta s e t  be gan i n  
Novemb e r  and ended i n  February . The tempe rature da t a  
re f l ec t  a no rmal November ,  D e c embe r , and February f o r  
Brook i ng s , South Dakota and an abo v e  no rma l January . The 
s eas onal temp e rature f l uc t ua t i on r anged from - 4  o c  t o  - 1 2  
° C .  The Four i e r s e r i e s  be gan and ended at the same po i n t , -
0 . 5  ° C .  
The manure pi t bo t t om t empe rature was as s umed to be 
ground temperature at 2 . 4 4 me t e r s  as was the case f o r  summe r 
c ondi t i ons . The Car s l aw and Jaeg e r  ( 1 9 5 9 ) repr e s en ta t i o n 
pro v i ded a s i nu so i dal decrease i n  t empe rature data f rom 1 2 . 5  
° C  at the be g i nn i ng o f  the produc t i on cyc l e  to 5 . 5  o c  at t h e  
end o f  the produc t i o n c yc l e  ( F i gure 2 2 ) .  
The s o l - a i r tempe ratures for al l c o n s t ruc t i o n 
sur fac e s  were calculated . The r o o f s o l - a i r tempe ra t u r e  
fo l l ows t h e  Four i e r  se r i e s  pred i c t i on o f  outdoo r temperature 
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the s o l -a i r  temperature and outdo o r  t empe rature rang ed f r om 
1 ° C  t o  - 9  ° C .  Ac tual s o l a r  r ad i a t i on data were used i n  t h e  
deve lopment o f  t h e  s o l -a i r  t empe rature s . Upon exam i n i n g  t h e  
r o o f  s o l -ai r func t i onal , s ha r p  dev i at i ons occur on day 4 8 , 
day 6 8 , and days 7 6  through 8 3 . Th� s e  �ev i a t i ons occurred 
becau s e  o f  ove r lapp i ng overca s t  days i n  the s o lar rad i at i on 
data for the cho o s en years o f  1 9 8 4 , 1 9 8 5 , and 1 9 8 6  f o r  
w i n t e r  c ondi t i ons . 
Relat i ve humidi t y  dat a  f o r  winter c ond i t i ons w e r e  
a l s o  f i t  b y  Four i er s e r i e s  ( F i gu r e  2 4 ) .  Again , the re l at i ve 
hum i d i ty data s e t  was qu i te s c a t t ered . The s eas o na l  
f l uc tuat i on o f  re lat i ve hum i d i t y  ranged from 7 6 . 5  pe rcent a t  
t h e  beg i nn i ng o f  the produc t i on c yc l e  to 8 5  percent a t  t h e  
end o f  t h e  produc t i on cyc l e . B e c au s e  the Four i e r s e r i e s i s  
a c i rcu l ar func t i on , t h e  r e l at i v e  hum i d i ty for w i n t e r  
c ondi t i ons be gan and ended a t  t h e  same value . 
F o r  winter c ondi t i on s , a ven t i l at i on rat e f o r  
mo i s ture cont r o l  i s  recommended b ec ause i t  i s  larg e r  than 
the vent i l at i on rate for t emp e rature c ont r o l  ( MWPS - 1 ,  1 9 8 3 ) .  
The mo i s tur e ba l ance became t h e  g ov e rn 1 ng equat i on and was 
s o l ved f o r  a vent i l at i on r a t e  on a da i l y bas i s  through o u t  
t h e  produc t i on pe r i od . Th e two s i tuat i ons examined f o r  
w i n t e r  c ondi t i ons invo l ved : ( 1 )  · an i n su l a t ed s t ruc ture , R -
2 2  ro o f , R- 1 3  wa l l s , and R - 5 ven t i l a t i on do o r s  and ( 2 ) a n  
un i n s ulated s t ruc ture , 
vent i l at i on do o r s . 
R - 1 3  r o o f  and R - 0  wa l l s  and 
6 2  
The vent i l at i on rat e  r e qu i red t o  produc e the i ndo o r  
s pe c i f i cat i ons f o r  w i n t e r  c ondi t i ons f o l l ows t h e  outdo o r  
r e l a t i ve hum i d i ty predi c t i on funct i onal wi th a c oup l i ng 
e f fect o f  an imal heat produc t i on ( F i gure 2 5 ) .  The 
vent i lat i on rate range was f r om 1 1 0 0  L / s  t o  1 3 0 0  L / s . Th i s  
i s  a much smal l e r  ran g e  than f o r  s ummer c ondi t i on s  becau s e  
o f  t h e  range di f ferenc e  i n  s umm e r  outdo o r  tempe rat u r e s  
v e r sus w i n te r  outdo o r  r e l a t i ve hum i d i t i e s throughout the 
p roduc t i on c yc l e . The M i dwe s t  P l an Serv i c e  ( 1 9 8 3 ) 
rec ommendat i on for winter v en t i l at i on i s  1 1 3 2  L / s  t hroug h o u t  
t h e  p roduc t i on pe r i od . The ave rage vent i l at i on r a t e  i s  1 1 8 0  
L / s . A di f ferenc e  o f  4 8  L / s , 4 . 2  pe rcent , ex i s ted . S i m i l a r  
to s umme r  c ond i t i on s , outdo o r  r e l at i v e  hum i d i ty wh en coup l ed 
w i th an imal g rowth has a mo r e  s ens i t i v e  e f fect o n  
ven t i l at i on rate at the e n d  o f  t h e  an i mal ' s  growth c yc l e  
( F i gure 1 2  and 2 5 } . 
When vent i l at i on rate f o r  mo i s ture con t r o l  i n  w i n t e r  
c ond i t i ons i s  u s ed i n  t h e  ene rgy func t i on , t h e  amount o f  
energy needed to ma i n t a i n t h e  spec i f i ed inter i o r c ondi t i on s  
i s  deve l oped ( F i g u r e  2 6 ) .  I n  an i nsulated s t ruc ture , the 
s upp l emental hea t i ng requ i reme n t s  ran g ed from 2 6 , 5 0 0  wa t t s  
t o  3 3 , 0 0 0  wat t s . The func t i on has t h e  gene ral shape o f  the 
outdo o r  t empe rature equa t i on . 
When the ma j o r i ty o f  the i n s u l at i on i s  removed , 
t h e re i s  no e f fe c t  on the vent i l a t i on rate f o r  w i n t e r  
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Figure 2 6 .  Energy function with ventilation rate fo r mo isture 










,_ -2· rD ,_ .. ra -27 
.. � --
; 5 -a 
'-" � --30 � ] -a1 
., -u 
� '-" -33 
z 





Indoor Condit ions : 25 .. 6 °C 1 5% BH 
Ave . Vent . 




0 20 � eo eo 1 00  1 20  
DATA SET LENGTH (days) 
Figure 2 7 .  Vent ilation rate fo r mo is ture control (uninsulated 
winter conditions) .  
0 
25 . 6  ° C  15% RH 
Addit ion 
� eo eo 




Figure 2 8 .  Energy function with ventilation rate f o r  mo isture 
control (uninsulated- winter conditions ) .  
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6 5  
cond i t i ons ( F i gure 2 7 ) . T h e  v e n t i l at i o n rate s  f o r  bo th t h e  
i nsulated and un insulat ed bui ld i ng wer e  cal culat ed f o r  
mo i s ture control us ing the mo i s ture balanc e . Var y i n g  
i nsul a t i on l eve l s  h a s  no e f f e c t on th i s  e quat i on . T h e  
s uppl emental heat i ng requ i rement s , however , a r e  af fec t ed 
becaus e they are a func t i on o f  i n s u lat i on l eve l ( F i gure 2 8 ) . 
When the vent i lat i on func t i on f o r  winter c ond i t i ons i s  u s ed 
i n  t h e  ene rgy balance f o r  a n  un i nsu lated s t r u c t ur e , 
supp l emental heat i ng requ i rem e n t s  range from 3 0 , 5 0 0  wa t t s  t o  
4 0 , 0 0 0  wat t s . The removal o f  i ns ul at i on requ i r e s  an ave rag e 
o f  7 0 0 0  add i t i onal wat t s  o f  h e at i ng . 
The recommended vent i la t i on rat e f o r  g ro w i ng s w i n e  
i n  w i nt e r  c ondi t i ons i s  4 . 7 4 L / s pe r hog ( MWPS - 1 ,  1 9 8 3 ) .  
Th i s  ven t i l at i on rat e  was u s e d  i n  the ene r g y  func t i onal f o r 
i n s u l at ed w i nter cond i t i on s  ( F i gure 2 9 ) and un i n s u l a t e d  
w i n t e r  condi t i on s  ( F i gure 3 0 ) througho u t  the pr oduc t i on 
c yc l e . Both energy func t i on s  had the general shape o f  t h e  
outdo o r  t empe rature func t i on a l  c oupl ed w i th e f fec t s  o f  
an imal growth . The energy func t i o n f o r  the i ns u l ated w i nt e r  
c ond i t i on ranged from 1 6 , 0 0 0  wat t s  hea t i n g  t o  3 6 , 0 0 0  wa t t s  
heat i ng wh i l e the ene rgy func t i on for un i n sul ated w i n t e r  
c o nd i t i ons ranged from 2 3 , 0 0 0  wa t t s  t o  4 3 , 0 0 0  wa t t s  heat i n g . 
The o f fs e t  i n  suppl emental heat i ng be tween the i n sula t ed and 
un i n s u lated s t ruc ture for a c on s tant vent i l a t i o n rate wa s 
7 0 0 0  wat t s . Exam i n i ng t h e  heat t ransm i s s i o n throug h 
c on s t ruc t i on c ompo nen t s  a l o n e , there i s  aga i n  an o f f s e t  o f  
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Figure 2 9 .  Energy function with MWP S  recommended ventilat ion 
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Figure 30 . Energy function with MWPS recommended ventilat ion 
rate (uninsulated wint er condit ions ) .  
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Indoor Conditions : 2.5. 6 ° C  75% RH 
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Energy transmission through structure ( insulated 
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Figure 32. Energy transmiss ion through structure (uninsulated 
winter conditions) . 
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7 0 0 0  wat t s  between the i ns u l at e d  ( F i gure 3 1 ) and un i n s ulated 
( F i gure 3 2 ) winter cond i t i on s . The s harp dev i at i ons i n  t h e  
funct i ons occur i n  t h e  s ame p l ac e  and are o f  the s ame s hape 
as the dev i at i ons i n  the roof s o l -a i r func t i onal ( F i gu r e  
2 3 ) . Thus , the dev i a t i o n s  a r e  r e l �t ed · to overcast days i n  
the radi at i on data . 
A c ons tan t vent i l a t i on rat e , for both i n su l a t ed 
( F i gu r e  2 9 ) and un i nsulated ( F i gu r e  3 0 ) winter c ondi t i on s , 
p roduc e s  a larg e r  range i n  s upp l ementa l  heat ing . requ i rement s 
than varying the vent i l at i on rate th roughout the anima l  
produc t i on cyc l e  ( F i gu r e  2 6  and 2 8 ) .  The ran g e  i n  
s uppl emental heat ing r e qu i r emen t s  i s  reduced b y  a fac t o r  o f  
two , from 2 0 , 0 0 0  wat t s  to 1 0 , 0 0 0  wat t s , when the vent i l a t i on 
rate i s  var i ed throughout t h e  an i ma l  pr oduc t i on c yc l e  rathe r 
t h e n  h e l d  c onstan t . Al s o , a cons t ant ven t i l at i on rate w i l l  
not ma i n t a i n  the s pec i f i ed i n te r i o r env i ronmental mo i s ture 
l e v e l . 
Appl i cat i ons 
The newl y dev e l o p ed s imul a t i on c ons ide r s  var y i n g  
l i ve s t ock h e a t  produc t i on and c l i ma t i c  cond i t i on s  a s  t h e  
an imal g r ows through out t h e  an i ma l  produc t i on cyc l e  r a t h e r  
than be i ng he ld cons tant . S i mu l at i on ut i l i t y a l l ows f o r  
bo th con t r o l  and anal y s i s  app l i ca t i ons . Ana l ys i s  
appl i c a t i ons are gove rned b y  the mo i s ture and t o ta l  ene r g y  
ba l anc e � The s e  func t i ona l s  a l l ow f o r  the s o l u t i on o f  two 
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unknown s . For s imu lat i on appl i cat i ons di scu s s ed i n  t h i s 
manus c r i pt , vent i lat i on rate and s uppl emental moi s t ure o r  
energy requ i rements were exam i ned o n  a da i l y bas i s  
t h roughout the pr oduc t i on c yc l e  o f  the ani mal . Any o f  t h e  
s pec i f i ed paramet e r s  c o u l d  be swi t ched w i th the unknowns f o r  
o p t i m i zat i on . On e l im i ta t i on o f  the s i mulat i on wa s t h e  
s t ructure ' s c ons t ruc t i on was cons i de r ed s t eady- s t a t e  
t h roughout t h e  produc t i on c yc l e . F o r  examp l e , i f  a g r ow i n g ­
f i n i s h i ng sw i ne fac i l i ty was be i ng cons i de red f o r  s i mu l a t i on 
i n  t h e  fal l o r  spr ing , i t s  c o n s t ruc t i on wou l d  change t h r o u g h  
that t i me pe r i od - vent i l a t i on doors wou ld b e  open ed o r  
c l o s ed . I f  j us t  one s imu l a t i on i s  pe r f o rmed , the s t r uc t u r e s  
ab i l i ty t o  di s s i pate heat mus t  be c ompen sated for · by t h e  
v en t i l at i on s ys tem . D o o r s  c ou l d  no t be opened . The r e f o r e , 
m o r e  than one s i mul at i on c ou l d  be pe r f ormed dur i ng a n  
an i ma l ' s l i fe cyc l e  t o  ac c ount f o r  c on s t ruc t i on changes i n  
the s e  t yp e s  o f  c l imat i c  per i ods . An imal s t r e s s  produced by 
i n t e r i o r  env i r onmental c ond i t i ons c ou l d  al s o  be exam i n ed by 
c ompar i ng the s upp l eme n ta l  e n e r g y  requ i r emen t s  to an i ma l  
energy produc t i on al ong w i t h  t h e  even t ual de t e rm i na t i o n o f  
f e ed rat i ons . 
The s i mu l a t i on i s  app l i �ab l e  t o  c on t r o l  s i tu a t i o n s  
{ F i gure 3 3 ) .  Ven t i l at i o n  f l ow rate and supp l emen t a l  ene rg y 
c ou l d  be cont r o l l ed by th i s  s i mul a t i on . A m i c r o p r o c e s s o r  















Figure 33 . S imulation con t ro l  applicat ion schemat ic . 
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s ens i b l e heat produc t i on . S te ady- s ta t e  parame t e r s , 
i nc l ud i ng an i ma l  s ens i bl e  and l at en t  heat produc t i on ,  c o u l d  
be d i r ec t l y  input ed into t h e  c on t ro l l e r . S e t  po i n t s  f o r  t h e  
c ont ro l l er would b e  t h e  de s i red i nt e r i o r  env i ronme n t a l  
c ond i t i on s . A sw i tch wou l d  h av e  t o  be imp l emented i n t o  t h e  
s imul at i on to exchang e be twe en t empe rature c on t r o l  and 
mo i s t u r e  c ontr o l  depend i ng on t h e  g overning cond i t i ons . A 
ven t i la t i on max i mum rate wou l d  a l s o  be enf o rc ed wh en outdo o r  
env i ronmental cond i t i ons app r o ac h  i n t e r i o r  c ondi t i ons and a 
need f o r  suppl emental ene rgy/mo i s ture would ex i s t . 
An hour ly ene rg y  and mo i s ture bal ance could b e  
impl ement ed by t h e  chang i ng o f  s i mula t i on t i me con s tan t s  
f rom a da i l y bas i s  t o  a hour l y  bas i s . Hou r l y  energy and 
mo i s ture bal anc e s  have been dev e l oped . The s e  s i mul a t i on s  
have no t , h oweve r , acc ount e d  f o r  s eas onal c l imat i c  and 
an imal ene rgy var i a t i on . Pas t s i mul at i ons have held the s e  
parame t e r s  c ons tant throug h o u t  t h e  produc t i on c yc l e . Th e 
new l y  deve l oped s imulat i on c ou l d  emp l o y  s eas onal parame t r i c  
var i at i on i n  a hour l y  ene r g y  and mo i s ture balance by vary i ng 
s eas onal c l imat i c  and an i mal e n e r gy parame t e r s  on a da i l y  
bas i s . 
An ima l  latent and s en s i b l e  heat di s s i pa t i on are t h e  
ma j o r cont r i bu t o r s  o f  ene r g y  t o  a l i ve s t oc k  s t ruc t u r e . 
A s i mu l a t i on accoun t ing f o r  c hang i ng an ima l  energy e f f ec t s  
pe r f o rms only to the l ev e l  o f  t h e  an imal energy mode l . 
R e s earch o f  an imal env i ronme n t s h a s  pro g r e s s ed to the s t ag e 
whe re paramet e r s  that have been a s s umed for 
should be ver i f i ed wi th pres e n t  ana lyt i cal 
Futu r e  r e s earch w i th th i s  s imul at i on should 
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many years 
t ec hn i que s . 
c omb i ne and 
i mpl ement the prev i ous l y  d i s c us s ed anal ys i s  and c o nt r o l  
appl i cat i on s  t o  authent i ca t e  p r ev i ou s l y  as s umed 
s uch as vent i l at i on ra t e s  th r o ugh the ani ma l ' s  
parame t e r s  
pr oduc t i on 
c yc l e  o r  feed rat i on s  from an imal c a l o r ime t ry data . 
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SUMMARY and CONCLUS IONS 
A s imulat i on was deve l oped to pred i c t  i n t e r i o r  
env i ronmental c ondi t i ons , i n  a l ive s t ock s t ruc ture , as 
an imal growth and c l i mat i c  c ondi t i ons chang e throughout t h e  
-an ima l ' s l i fe cycl e .  The s i mul at i on acc oun ted for an i ma l  
growth and s easonal c l ima t i c  c h ange s  b y  c onduc t i ng a s t eady ­
per i od i c  total ene rgy and mo i s tu r e  anal ys i s  on a da i l y  bas i s  
f o r  the produc t i on p e r i od o f  t h e  an imal . The s i mu lat i o n 
cons i de r s  chan g i ng l i ve s t oc k  h e a t  produc t i on by empl o y ing a 
mul t i p l e  regre s s i on anal ys i s  o f  de s i gn d i ag rams and al s o , 
c on s i de r s  var y i ng c l ima t i c  c o nd i t i on s  us i ng ac tual wea t h e r 
dat a . Bu i ld i ng c on s t �u c t i on and i nt e r i o r env i ronme n t a l  
opt i ons we re spec i f i ed ,  and ven t i lat i on curves al ong w i t h  
s uppl emen tal ene rgy o r  mo i s tu r e  r equi rement s  we re deve l o p e d  
f o r  each d�y o f  t h e  anima l ' s  g rowth pe r i od . 
Th i s  newl y deve l oped s i mu l at i on has a w i de rang e o f  
appl i cat i ons for env i r onme n t a l  analys i s  and c o n t r o l . 
Anal ys i s  appl icat i ons are g ove rned by the mo i s ture and t o t a l  
e n e rgy func t i ona l s  i n  c o n j unc t i on wi th spec i f i ed 
c o n s t ruc t i on and env i ronmen t a l  parame t e r s . I nte rchangabi l i t y 
o f  spec i f i ed c ons t ruc t i on and env i ronmental parame ters w i t h 
S imu lat i on unknowns deve l ops a range o f  an imal envi ronme n t a l  
c ondi t i ons for opt imi zat i on t h r oughout the produc t i o n  
p e r i od . T h e  rang e o f  an imal env i r onmental c ond i t i ons can b e  
u s ed in the ana l ys i s  o f  an i mal s t re s s . Con t r o l app l i c a t i on s  
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i nv o lve the s ens i ng o f  per i odi c parame ters a l o ng w i th 
a s s i gn i ng the s teady- s ta t e  c on s t ruc t i on and env i r onme n t a l  
s pe c i f i cat i ons f o r  t h e  vent i l a t i on s ys t em and r e qu i reme n t s  
o f  s uppl ementa l energy and mo i s ture . 
Evaluat i on o f  s imul a t i on p e r formance was f o r  a 
s w i n e  g r ow i ng - f i n i sh i ng MOF fac i l i t y  for Brook i ng s , S o u t h  
D ak ot a . The s imu l at i on c l o s e l y  pred i c t ed vent i l at i on rat e s  
and suppl emental energy o r  mo i s tu r e  requ i rements f o r  t h e  
s t ruc ture thr ough varyi n g  c l i ma t i c  and an imal h e at 
produc t i on c ondi t i ons . Ave raged vent i l at i on rat es were 
w i t h i n  4 . 2  t o  3 1 . 5  pe rc e n t  of M i dw e s t  P l ans S e rv i c e  ( 1 9 8 3 ) 
rec ommendat i ons for swine vent i l at i on sys tems . Addi t i o nal 
s i mu l at i on j us t i f i cat i on was ach i eved through the fo l l ow i ng 
c onc l uded evalua t i ons o f  an i ma l  env i r onment s : 
1 • Summe r vent i l at i on rat e s  fol l ow outdoor 
t emperature w i th a c o up l i ng e f fe c t  of an i mal 
heat produc t i on t hroughout the an i ma l ' s 
g r owth pe r i od . 
2 .  The outdo o r  t emperature has a greater 
i nf luence o n  a s t ruc t u r e ' s  i n t e r i o r  env i ronment 
at the end o f  the produc t i on cyc l e  when the 
anima l  has i t s  g r e at e s t  requ i rement to 
di s s ipate h eat . 
3 .  Mo i s ture and dus t  probl ems can occur wh en 
max imum vent i l at i on rat e s  deve l op . 
4 .  D i urna l tempe rature f l uc tua t i ons af f e c t  the 
i n t e r i o r  envi ronment of �he s t ructure . 
5 �  Wi n t e r  ven t i l at i on ra t e s  fo l l ow ou t do o r  
re l at i ve humi di t y  w i t h  a coupl ing e f f e c t  o f  
an ima l  heat produc t i on t h r o ugh the an i ma l ' s 
g r owth pe r i od . 
6 .  I n  w i n t e r  condi t i on s , varying the vent i l at i o n 
rate th roughout t h e  pr oduc t i on cyc l e  reduc e s  
t h e  range i n  supp l eme n t a l  hea t i ng r equ i rements 
by a fac tor o f  two . 
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APPENDICES 
APPEND IX A :  L i st o f  S ymbo l s  
8 1  
Symbo l s  
A = see equat i on ( 5 )  
A. = sur face area , m2 
B = see equat i on ( 5 )  
c = spec i f i c  heat capac i ty ,  k J / ( kg - ° C ) 
c , r = s o i l  spec i f i c  heat c apac i ty , kJ / ( kg - ° C )  
d = so i l  depth , m 
F = per ime t e r  overa l l  h e a t  t ran s fer c o e f f i c i ent , W / ( m  
- 0 c )  
h = c onvec t i ve heat t r an s fer c o e f f i c i ent , W / ( m2 - ° C )  
H = dai ly di rect and d i ffu s e  rad i at i on o n  a 
ho r i z ontal s u r fa c e , W / m2 
H4 = da i l y  d i ffu s e  rad i a t i on on a ho r i z ontal surfac e , 
W/mZ 
Ht = t o tal dai l y  i nc i de n t  s o l ar rad i a t i on upon a 
t i l ted surface , W/m2 
i t ,  = latent heat of vapo r i zat i on , k J / k gw 
k , r = therma l conduct i v i t y o f  s o i l , W/ ( m  - ° C )  
k t = rat i o  o f  da i l y d i r e c t and di ffus e rad i a t i on on a 
ho r i z ontal sur fac e  t o  average e x t r a t e r re s t r i a l 
radi at i on 
m = mas� de facated was t e , kg / s  
M = env i ronmental mo i s tu r e  t ran s f e r , kg / s  
P = per ime t e r  o r  expo s ed f l o o r  edg e , m 
Pa = atmo s ph e r i c  p r e s s u r e , pa 
P, r = pha s e  
days 
cons t ant o f  m i n i m um s ur fa c e  t empe ratu r e , 
Pv = vapo r pre s sure , pa 
Q = h eat exchang e ,  W 
8 2  
R = th e rmal r e s i s tanc e , ( mz - o C ) /W 
� R  = d i f fe renc e between the l ong wav e l ength radi at i on 
i nc i dent o n  the s u rfac e  from the sky and 
rad i at i on emi tt e d  f r om a bl ackbody at outdo o r  a i r 
t empe rature , W / m  
Rb = rat i o  o f  dai l y d i r e c t  rad i a t i on on a t i l t ed 
sur face t o  that o n  a ho r i z ontal sur face 
Rr  = rat i o  of dai l y  t o ta l  radi at i on on a t i l ted 
sur fac e to that o n  a h o r i z ontal surfac e 
RH = relat ive humi d i t y , p e rcent 
s .  = annual surface sw i ng , ° C  
t = a i r  t empe rature , ° C  
T• r = mean earth t empe ratu r e , ° C  
U = overal l heat t ran s f e r  c o e f f i c i ent , W/ ( mz - ° C )  
V = volume f l ow rate , m3 / s  ( 1  m3 / s  = 1 0 0 0  L / s ) 
w = humi d i ty rat i o , kgw/ kgda 
y = t i me , days 
S ubs c r ipts 
a = an imal body condi t i on s  
b = di rec t s o lar radi a t i on c ond i t i ons 
d = di ffu s e  s o lar rad i at i on c ondi t i ons 
e = s o l - a i r  c ondi t i on s  
g = g r ound sur fac e c o nd i t i ons 
gr = s o i l  condi t i ons 
f = f l o o r  cond i t i ons 
i = i n t e r i o r  c ondi t i on s  
j = i ndex numbe r o f  harmo n i c s  
1 = latent ene rgy c o nd i t i ons 
o = outdo o r  c ondi t i ons 
pr = per ime t e r  c ond i t i on s  
pt = c onvec t i ve p i t c o nd i t i on s  
pte = c onduc t ive p i t c on d i t i on s  
r = t o ta l  s o l a r  radi a t i on condi t i on s  
s = s en s i b l e  energy c o nd i t i on s  
s r  = sunr i s e  c o ndi t i on s  o n  a t i l ted s u r fac e 
s s  = s uns e t  condi t i ons o n  a t i l ted s u rfac e 
s t  = s truc tural c ond i t i ons 
t = t ransm i s s i on heat exc han g e  condi t i on s  
v = vent i l at i ng a i r  c on d i t i on s  
w = was te condi t i ons 
Greek Symbo l s  
6 = surfac e s l ope , deg r e e s  
P ,  = g round r e f l ec tanc e 
P v  = a i r  dens i ty o f  ven t i l a t i ng a i r , kg f m3 
<le = abs o rptance of t h e  s u r fac e for s o lar 
£ = emi t tanc e o f  s ur fa c e 
' = l oc a t i on l a t i tude , de g r e e s  
c5 = dec l i nat i on , de g r e e s  
y = sur fac e  az i muth ang l e , deg rees 
Ws  = sun s e t  hour ang l e , de g r e e s  
w s s = surfac e suns e t  h o u r  ang l e , deg r e e s  
radi a t i on 
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w s r = surfac e  sunr i s e  hour ang l e , degrees 
� • r  = so i l  the rmal d i f fu s i v i ty , k• r /a • r c• r 
P • r  = s o i l  dens i ty ,  kg/� 
8 4 
APPEND IX B :  Mathematical Equat ions 
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Rati o  o f  Dai ly D i ffus e Radiat i on to Dai l y  D i rec t and D i f fuse 
Radi.at i on on a Hor i z ontal Surface ( Duffie and Beckman , 
1 9 8 0 )  
Hct / H  = 0 . 7 7 5  + 0 . 0 0 6 5 3 ( w . - 9 0 ) 
- 9 0 ) ) c o s  ( 1 1 5Kt - 1 0 3 ) 
whe r e : 
( 0 . 5 0 5  + 0 . 0 0 4 5 5 ( W s 
Hct / H  = rat i o  o f  da i l y d i f fu s e rad i at i on to da i l y d i rec t 
and d i ffuse rad i at i on o n  a h or i z ontal surface 
w . = sun s e t  hour ang l e , the angu l a r  di splacemen t o f  
the sun a t  sun s e t  we s t  o f  the l oc a l  me r i di an 
due to the rotat i on o f  t h e  earth , de g r e e s  
K t  = rat i o  o f  da i l y d i r e c t  and d i f fu s e  s o l a r  
rad i a t i on o n  a h o r i z o ntal surface t o  av e rage 
ext rate r re s t r i al da i l y  radiat i on over the 
l i fec yc l e  of the an i ma l  
Rat i o  o f  the Ave rage Da i ly D i rect Radiat i on o n  a T i l ted 
Sur face to that on a Hori z ontal Surface ( Duffie and Beckman , 
1 9 8 0 ) 
( c os B s i n o  s i n + ) ( w • •  - w a r ) ( 1r / 1 8 0 ) 
- ( s i no c o s + s i ne c o sy ) ( W a s - w s r ) ( w / 1 8 0 ) 
Rb = + ( c o s +  c os o  c o sB ) ( s i n  w • •  - s i n  w s r ) 
+ ( c os o c o sy s i n+ s in B  ) ( s i n  w • •  - s i n  w s r ) 
- ( c o s o  s i nB s i ny ) ( c o s  w • • - cos w s r ) 
2 ( co s 9  c o so s i n Ul s  + ( 11' / 1 8 0 ) UJ • s i n + s i n o ) 
whe r e : 
B = surface 
sur fac e 
1 8 0° 
+ = l ocat i on 
s outh o f  
g o o  
s l ope , t h e  ang l e  be tween the 
i n  que s t i on and the h o r i z ontal o o  
plan e 
< B < 
l a t i t ude , t h e  angu lar l ocat i on no r t h  o r  
the equat o r , no r th p o s i t i ve , - 9 Q o < � < 
0 = dec l i nat i o n ,  the ang u l ar pos i t i on o f  t h e  s un a t  
s o lar noon w i th r e spect to the plane o f  t h e  
equat o r , north pos i t i ve , - 2 3 . 4 5 0 < o < 2 3 .  4 5 °  
y = sur fac e a z imu t h  ang l e , the de v i at i o n o f  t h e  
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pro j ec t i on o n  a h o r i z ontal plane o f  the n o rmal t o  
the surfac e from the l ocal me r i d i an , w i th z e r o  du e 
s outh , eas t negat i ve , we s t  pos i t i ve - 1 8 Qo < y < 
1 8 0 °  
i f  y > 0 
w 8 8 = -mi n  
(A) 8 r = min 
if y < 0 
w s s = -min 
(A) • r = m i n  
( w • , a r c c o s  
( lil a ,  arc c o s  
( w • , arcc o s  
( lil a ,  arc c o s  
[ ( AB + .JA• - B• + 1 � ·) 
( A• + 1 )  J [ ( AB - j A z - az + 1 )] ) 
( A2 + 1 )  
[ ( AB - j A z - B 2 + 1 )l ) 
( AZ + 1 ) J [ ( AB - j A z - B 2 + 1 .  )] ) -
( Az + 1 )  
c o s cp s i n cp  
A = + 
i f  y = 0 
s i ny tanB tany [ c o s  cp 
B = tano 
tan y 
+ 
co s ( cp - B ) co s o s in wa + ( 11' / 1 8 0 ) w s s i n ( cp - o ) s i n o  
c o s  cp c o s o s i n  "" •  + ( 11' / 1 8 0 ) w • s i n cp s i n o  . [arcc o s  ( - t an cp tan o ) J "" s = m 1 n  a r c c o s  ( - t an ( <P + B ) tan o ) 
Earth Tempe rature ( Ca r s l aw and Jaese r , 1 9 5 9 )  
T ( d , y ) = T, r - S s  exp ( -d ( 11' \ / 2 ) c o s ( �) 3 6 5 ag� 3 6 5  
wher e : 
T, r = 
s .  = 
a • r = 
k , r = 
P • r = 
c, r = 
.5! (�¥ / 2 ) 
2 'Jfa g rJ 
mean earth t emp e ratu r e , o c 
annual s u rfac e swing , o c 
s o i l  the rma l  di f fus i v i t y , k, r / P • r  
thermal conduc t i v i ty , W / ( m  - o c )  
s o i l dens i ty , kg /m3 
so i l  spec i f i c  heat , k J / ( kg - o c )  
c , r , m2 / da y 
P, r = phas e c ons tan t  day o f  m i n i mum sur fac e temp , day s  
d = so i l  depth , m 
y = t i me , days 
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C onve rs i on f rom Re l at i ve Hum i d i t y  to Humi di t y  
( Brooke r , e t  � 1 9 8 2 ) 
- Rat i o  
0 . 6 2 1 9 R H  Pv a 
w = 
P a  - RH P v s 
w = h umidt;y rat i o , kgw/ k ga 
RH = r e l at i ve hum i d i t y , percent 
Pa = atmo sph e r i c  pres s ur e , pa 
Pv s = s a turated vapo r p r e s sure , pa 
APPEND IX C :  Mul t i ple Reare s s i on Ana l ys i s  o f  Swine Heat 
Product i on and We i gh t  Gain Informat i on 
Mul t iple Regress i on Anal ys i s  o f  Swine 
Informat i on ( Mendenhal l  and S inc ich , 1 9 8 4 )  
Dependent var iable : Swine We i gh t  ( W ) , lb 
I ndependent var iab l e : Swine Age ( age ) , days 
S ource DF 
Mode l 2 
E r ro r  1 8  
Correct Total 20 
Mode l F = 5 1 9 4 . 0 9 
Sum o f  Squares 
9 3 3 9 9 . 9 5 3 5  
1 6 1 . 8 3 7 7  
9 3 5 6 1 . 7 9 1 2  
R- Square C . V .  
0 . 9 9 8 2 7  2 . 7 2 0 2  
Swine Weisht Pred i c t i on Equat i on 
W = - 1 . 9 9 4 3  + 0 . 4 9 3 3 7  age + 0 . 0 0 5 4 4  ag ez 
9 0  
We i ght Ga i n  
Mean Squar e 
4 6 6 9 9 . 9 7 6 7  
8 . 9 9 1 0 
Pr > F = 0 . 0 0 0 1 
2 . 9 9 8 5 0  
Mul t i ple Regres s i on Analys i s  o f  Swi ne Latent Heat Produc t i on 
( Mendenhal l and S i nc i ch , 1 9 8 4 )  
Dependent Var i ab le : Latent Heat P roduc t i on ( LHP ) , BTU/ ( h r ­
an ima l ) 
I ndependent Var i ab l e : Tempe ra ture ( T ) , ° F  
I ndependen t Vari abl e : We i gh t  ( W ) , l b  
S ourc e 
Mode l 5 
E r ror 84  
C o rrec ted Total 89 
Mode l F = 1 6 1 9 . 0 9 
R- Sgua re 
0 . 9 8 9 7 3  
S um o f  Square s 
7 3 8 9 4 6 . 1 4 2 7  
7 6 6 7 . 4 5 7 3  
7 4 6 6 1 3 . 6 0 0 0  
c . v .  
3 . 3 6 0 9  
Swine La tent Heat Produc t i on Equat i on 
Mean Squ a r e  
1 4 7 7 8 9 . 2 2 8 5  
9 1 . 2 7 9 3  
PR > F = 0 . 0 0 0 1 
9 . 5 5 4 0 2 
LHP : 2 8 0 . 2 1 6 5 2 - 1 0 . 4 7 3 7 3  T + 0 . 1 2 0 2 5 T 2  + 1 . 3 0 6 8 5  W 
- 0 . 0 0 1 6 2  wz  - 0 . 0 0 3 5 2  T W 
Mul t iple Regress i on Ana l ys i s  o f  Swine 
Produc t i on ( Mendenhall and S inc ich , 1 9 8 4 ) 
Sens ible 
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Heat 
Dependent Variable : Sens i b l e  Heat Produc t i on ( SHP ) , BTU/ ( hr ­
ani mal ) 
I ndependent Var i able : Tempe rature ( T ) , ° F  
I ndependent Var i abl e :  We i gh t  ( W ) , lb 
S o urce 
Mode l 5 
Error 84  
Correc t ed Total 89  
R - Sguare 
0 . 9 9 5 0 2  
Sum o f  Squar e s  
5 1 5 8 9 6 0 . 8 2 2 9  
2 5 8 1 6 . 8 3 2 7  
5 1 8 4 7 7 7 . 6 5 5 6  
c . v .  
4 . 2 6 6 8  
Swine S ens i b l e  Heat Pred i c t i on Equat i on 
Mean Squ a r e  
1 0 3 1 7 9 2 . 1 6 4 4  
3 0 7 . 3 4 3 3  
1 7 . 5 3 1 2 1  
SHP = . 5 7 2 . 8 8 7 8 6 - 8 . 3 7 1 9 3  T + 0 . 0 2 1 1 1 3 T2 + 2 . 6 2 2 5 5  W 
+ 0 . 0 0 0 5 0  W2 - 0 . 0 2 2 8 9  T W 
a :  
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APPENDI X  D :  S imul at i on Examp l e  Inputs 
General 
Bui lding l en g th - 8 0  ft 
Bui l d i ng width - 2 8  f t  
Per i me t e r  o f  bu i lding - 2 1 6  f t  
Bui l d i ng capac i t y  - 2 4 0  p i g s  
Data s e t  l ength - 1 2 0 days 
Ag e o f  swine at dat a  s e t  beg i n i ng - 5 1  days 
Locat i on l a t i tude - 4 4 . 3 0 8 o 
S pec i f i c  heat o f  ai r - 0 . 2 4 BTU / ( l b - ° F )  
Dens i t y o f  ai r - 0 . 0 7 4  l b / ftl  
Latent heat o f  vapo r i za t i on - 1 0 5 4  BTU / l b  
Manure p i t  w i dth - 1 0  f t  
Manure p i t  depth - 8 f t  
Average dep th o f  manure - 4 f t  
S pec i f i c  heat o f  manur e  - 0 . 9 3 4  BTU/ ( lb - ° F )  
Manure produc t i on - 0 . 0 0 2 7  lb/ ( hr - an imal ) .  
Manure p i t  surface area - 8 0 0  ft2  
Manure heat t rans f e r  c o e f f i c i ent - 3 . 0 4 6  BTU / ( h r 
f t 2  - ° F ) 
Swine b ody tempe ratur e - 1 0 2 . 5  ° F  
I ncande scent l i gh t i ng - 1 0 0 0  wat t s  
Mo t o r  h o r s epowe r - 1 / 2 
So i l  mean earth tempe rature - 4 7  o F 
So i l  annua l sur fac e s w i n g  - 2 6  ° F  
9 4 
So i l  the rmal c o nduc t i v i ty - 0 . 5  BTU / ( h r - f t  - o F )  
So i l  de ns i ty - 1 0 0  l b / ft l  
9 5  
S o i l  spec i f i c  h e a t  - 0 . 2 5 BTU/ ( l b - ° F ) 
Phas e c ons tan t day o f  m i n imum s u r face tempe rature -
3 5  days 
Summer C ondi t i ons 
Beg i nn i ng o f  data s e t - May 1 
Re f l ec tanc e o f  g r o und - 0 . 2  
Suns e t  hour ang l e  o f  a h o r i z ontal surface - 1 1 4 . 7 8 °  
Ext raterre s t r i a l  rad i at i on - 1 3 8 . 8 9 BTU/ ( hr - f t 2 ) 
Manure pi t s ur fac e t empe rature - 6 5  ° F  
Latent heat o f  vapo r i zat i on at p i t  surfac e - 1 0 6 0  
BTU/hr 
Winter C ondi t i on s  
Beg i nn i ng o f  data s e t  - No vember 1 
Re f l ec tanc e o f  g r o und - 0 . 6 
Sun s e t  hour ang l e  o f  a h o r i z ontal surface - 6 5 . 0 8 ° 
Ext rate rr e s t r i a l  radi at i on - 4 7 . 5  BTU / ( h r - f t 2 ) 
Manure pi t s u r fac e t empe ra ture - 4 5  ° F  
Lat �nt heat o f  vapo r i za t i o n at p i t  surfac e  - 1 0 6 8  
BTU / h r  
Table 






D o o r  
Eas t  





N o r th 
Bas e 
Wa l l  
North 
Vent . 




W e s t  
F rame 
Wa l l  
Ro o f  
D .  1 .  Bui lding sur fac e 
Wal l Cons truc t i on 
1 • 6 "  insul ated 
conc rete wal l  
1 .  plas t i c  wa l l 
l i ni ng 
2 .  1 . 5 " insulat i on 
3 .  p l as t i c wal l  
l i ning 
1 . 6 "  insul ated 
c onc r e t e  wal l  
1 . ho l l ow-backed 
s i ding 
2 .  . 3 7 5 " p l yw o od 
3 . 3 . 5 " ins u l at i on 
4 .  plas t i c  wa l l  
l i n ing 
1 . 6 "  ins u l a t ed 
conc re t e  wa l l  
1 • plas t i c  wal l 
l i ning 
2 .  1 . 5 " i nsulat i on 
3 .  p l as t i c  wa l l  
l i ning 
1 ..!.  6 "  insul ated 
conc r e t e  wal l 
1 • ho l l ow- bac ked 
s i d i ng 
2 . . 3 7 5 "  p l ywood 
3 . 3 . 5 " i n s u l a t i on 
4 .  pla s t i c  wa l l  
l i n i ng 
1 . ho l l ow-bac k ed 
r o o f ing 
2 .  0 . 5 " p l ywood 
3 .  5 . 5 " insulat i o n 
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construc t i on components . 
Perc ent Framins Area ( f t Z l  
0 1 6 0  
2 4 . 3  6 4 0  
0 4 6  
7 . 3 8 1 2 9 . 7 5 
0 1 6 0 
2 4 . 3  1 6 0 
0 4 6  
7 . 3 8 1 2 9 . 7 5  
7 . 3 8 2 2 9 0  
9 7  
Tab l e  D . 1 c ont i nued . 
4 .  plas t i c wal l 
l iner 
Eas t 1 .  1 . 7 5 "  me t a l , 
D o o r  urethane c o r e  0 2 0 . 2 5 
We s t  1 • 1 . 7 5 "  me t a l , 
D o o r  ur ethane c o r e  0 2 0 . 2 5 
* I ns ulat i on was r ep l aced b y  an a i rspac e o r  c onc r e t e  f o r  
non i nsulat ed w i n t e r  c o nd i t i ons 
9 8  
Tab l e  D . 2 .  Bui lding surfac e ori entat i on and solar radi at i on 
parameters . 
Summer C ond . Wint e r  C ond . 
Wal l  y s (I) 11 11  W a r  W S ll  W s r 
Type ( deg . ) ( deg . ) ( deg . ) ( deg . ) ( deg . ) ( de g . ) 
S outh 
Base 0 9 0  6 3 . 9  0 6 5 . 0 8 0 
Wal l 
S outh 
Vent . 0 9 0  6 3 . 9  0 6 5 . 0 8 0 
Door 
Eas t 
Base - 9 0  9 0  1 1 4 . 7 8 - 1 1 4 . 7 8 6 5 . 0 8 - 6 5 . 0 8 
Wal l 
Eas t 
F rame - 9 0  9 0  1 1 4 . 7 8 - 1 1 4 . 7 8 6 5 . 0 8 - 6 5 . 0 8 
Wal l 
N o r th 
Bas e 1 8 0 9 0  1 1 4 . 7 8 - 1 1 4 . 7 8 6 5 . 0 8 - 6 5 . 0 8 
Wal l  
N o rth 
Vent . 1 8 0 9 0  1 1 4 . 7 8 - 1 1 4 . 7 8 6 5 . 0 8 - 6 5 . 0 8 
Door 
W e s t  
Bas e  9 0  9 0  - 1 1 4 . 7 8 1 1 4 . 7 8 - 6 5 . 0 8 6 5 . 0 8 
Wal l 
We s t  
Frame 9 0  9 0  - 1 1 4 . 7 8 1 1 4 . 7 8 - 6 5 . 0 8 6 5 . 0 8 
Wal l 
R o o f 0 - 1 2 . 0 9 6 3 . 9  0 6 5 . 0 8 0 
E a s t - 9 0  9 0  1 1 4 . 7 8 - 1 1 4 . 7 8 6 5 . 0 8 - 6 5 . 0 8 
D o o r  
· We s t  9 0  9 0  - 1 1 4 . 7 8 1 1 4 . 7 8 - 6 5 . 0 8 6 5 . 0 8 
D o o r  
APPEND IX E :  Computer S imulat ion 
1 0 0  
1 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
2 0  ' * Th i s  program was wr i t t en by Mark D i e s ch * 
3 0  ' *  Ag r i cu l tural Eng i nee r i ng Departme n t  * 
4 0  ' * S ou t h  Dak o ta Dak o ta S tate Un ive r s i ty * 
5 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
6 0  ' * MAI N  PROGRAM * 
7 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
8 0  ' * I n i t i a l i za t i on o f  var i ab l e s , i npu t g eneral s imul a t i on *  
9 0  ' * data , and c a l l p r o g r am subrout i ne s  * 
1 0 0 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
1 1 0 OPTI ON BASE 1 
1 2 0  DEFDBL A-H , N- Z  
1 3 0 DEF I NT I -M 
1 4 0 D IM VENTM ( 1 2 0 ) , VENTE ( 1 2 0 ) , MA ( 1 2 0 ) , EA ( l 2 0 ) 
1 5 0 D IM ALPH ( 1 1 ) , ERH0 ( 1 1 ) ,  SAT ( 1 2 0 , 1 1 ) , CTWAW ( 1 1 ) ,  W ( 1 2 0 ) , 
SAA ( 1 1 ) ,  CTWW ( 1 1 ) , CTDD ( 1 1 ) ,  S LOP ( 1 1 ) , AW { l l ) , S S HA ( l l ) ,  
SRHA ( 1 1 ) , DMT ( 1 2 0 ) , T ( 1 2 0 ) , A ( 3 ) , F ( 1 2 0 ) 
1 6 0  D I M  C 4 ( 1 2 0 ) , C 6 ( 1 2 0 ) , C 8 ( 1 2 0 ) , C 1 0 ( 1 2 0 ) , C l 2 ( 1 2 0 ) , 
C 1 4 ( 1 2 0 ) , C 1 6 ( 1 2 0 ) , C l 8 ( 1 2 0 ) , C 2 0 ( 1 2 0 ) , C 2 2 ( 1 2 0 ) , A 1 ( 3 ) , 
A2 ( 3 ) , A 4 ( 3 ) , A5 ( 3 ) , B l ( 3 ) , B 2 ( 3 ) , B 3 ( 3 ) , B 4 ( 3 ) , B 5 ( 3 )  
1 7 0 PI = 3 . 1 4 1 5 9 2 7 #  
1 8 0 CLS 
1 9 0 PR I NT " Th i s  program i s  an a t t empt to pred i c t  var i o us 
parme t e r s " 
2 0 0  PRI NT " o f  the int e r i o r  env i ronment of l i ve s t o c k  
s t ructu re s . "  
2 1 0  PR INT " envi romental c ond i t i on s . The p r o g ram i s  
c on s t ruc t ed as s umi ng " 
2 2 0  PR I NT " s t eady-pe r i odi c h ea t  and mo i s ture f l ow . L e t s  
be g i n ! ! ! ! " 
2 3 0  PR INT " * * NOTE * *  S u r fac e c ond i t i on s  are i nc l uded wh e n  
en t e r i ng R-value s " 
2 4 0  PR I NT 
2 5 0  PR I NT 
2 6 0  PR I NT 
2 7 0  PR I NT " Enter ( 1 )  i f  you w o u l d  l i k e  to i npu t da-ta on t h e  
keyboard_ and c r eate and s t o r e  a f i l e . " 
2 8 0  PR I NT " En t e r  ( 2 )  i f  you w o u l d  l i k e  to input t h e  da ta o n  
t h e  keybo ard al one . "  
2 9 0  I NPUT " En t e r  ( 3 )  i f  you would l i k e  to acc e s s  da ta f r om a 
fi l e " ; J J J : CLS 
3 0 0  IF J JJ : 3  THEN GOTO 1 3 4 0  
3 1 0 INPUT " What t ype o f  an i m a l  i s  be i ng h o used i n  t h i s 
fac i l i t y " ; AS : CLS 
3 2 0  I NPUT " En t e r  the ave rage e x t r a t e r r es t r i a l da i l y  rad i a t i o n 
( BTU / HR - FT ( 2 ) ) ove r t h e  l i fecyc l e  o f  t h e  
an imal " ; EDR : CLS 
3 3 0  I NPUT " En t e r  the ave r age s un s e t  hour ang l e  ( De g r e e s ) ,  f o r  
a h o r i z ontal surface , over t h e  l i f e c yc l e  o f  t h e  
an imal " ; AS S HA : CLS 
3 4 0  INPUT " How many days f r om the beg i nn i ng o f  the ye a r  i s  
1 0 1  
the fi r s t  day o f  t h e  ani ma l ' s  c yc l e " ; T I ME : C LS 
3 5 0  I NPUT " Enter the l a t i t ude of the l i ve s t ock s t ruc ture 
g e o g raph i c  l oc a t i on " ; LAT : CLS 
3 6 0  I NPUT " Enter t h e  g round r e f l e c tance paramet e r  f o r  the 
s t ruc ture s i t e  ( 1 ) f o r  b r i g h t  surfac e s  to ( 0 )  for 
dark sur face s " ; ROG : CLS 
3 7 0  AS SHA:AS S HA* P I / 1 8 0 : LAT = LAT * P I / 1 8 0 
3 8 0  I NPUT " How l ong , i n  days , · i s · the cyc l e  o f  t h e  
an i ma l " ; J : CLS 
3 9 0  I NPUT " How many an i ma l s  are in the bu i ld i ng " ; NUM : C L S  
4 0 0  I NPUT " What i s  t h e  spec i f i c  h e a t  ( BTU/ LB-F ) ,  den s i ty 
( LB S / FT ( 3 ) ) ,  and l a tent heat o f  vapo r i zat i on ( BTU / LB ) 
for a i r  at i t ' s  ave rage t empe rature dur ing the l i f e 
c yc l e  o f  the an imal " ; S PHA , DE NA , LHVA : CL S  
4 1 0  I NPUT " Enter the a g e  o f  the an i mal ( Days ) at t h e  
be g i nn i ng o f  the c yc l e " ; BAGE : CLS 
4 2 0  I NPUT " How many wa l l  t ype s , exc lud i ng the roo f , f l o o r , 
w i ndows , and doo r s , f o rm the cons truc t i o n  o f  t h i s  
bu i l ding " ; WT : CLS 
4 3 0  I NPUT " How many w i ndow t yp e s  f o rm the c on s t ruc t i on o f  
th i s  s t ruc ture " ; WWT : CLS 
4 4 0  I NPUT " How many doo r  typ e s  f o rm the c on s t ruc t i on of th i s  
s t ruc tur e " ; DT : C L S  
4 5 0  L : WT +WWT + DT + l 
4 6 0  K= l 
4 7 0  GOS UB 2 8 4 0  
4 8 0  GOSUB 3 3 1 0  
4 9 0  GOSUB 4 6 8 0 
5 0 0  GOSUB 4 0 1 0  
5 1 0 GOSUB 4 3 5 0  
5 2 0 GOSUB 4 8 1 0  
5 3 0  GOSUB 4 9 2 0 
5 4 0  GOSUB 5 0 5 0  
5 5 0  GOSUB 5 1 3 0  
5 6 0  GOS UB 6 3 0  
5 7 0  GOSUB 9 2 0  
5 8 0  FOR I : l  TO J 
5 9 0  GOSUB 
-
5 2 3 0  
6 0 0  NEXT I 
6 1 0  GOSUB 5 5 0 0  
6 2 0  GOTO 5 6 7 0  
6 3 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
6 4 0  ' *  SUBROUT I NE WEATHER DATA * 
6 5 0  ' * * * * * * * * * * * * * * * * * * * * * * * * i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
6 6 0  ' *  Outdo o r  wea t h e r  data i s  gathe red and s e n t  f o r  * 
6 7 0  ' *  Four i e r anal ys i s . I n t e r i o r env i r onme n t a l  s p e c i f i c - ·* 
6 8 0  ' *  a t i o n s  a r e  made * 
6 9 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
7 0 0  FOR ! = 1  TO J 
7 1 0 PR INT US I N G " Fo r  day # # #  o f  the l i f e c yc l e  o f  t h e  
an imal , wha t  i s  t h e  ave rag e " ; !  
1 0 3 0  
1 0 4 0  
1 0 5 0  
1 0 6 0  
1 0 7 0  
1 0 8 0  
1 0 9 0  
1 1 0 0  
1 1 1 0 
1 1 2 0  
1 1 3 0  
1 1 4 0  
1 1 5 0  
1 1 6 0  
1 1 7 0 
1 1 8 0  
1 1 9 0  
1 2 0 0  
1 2 1 0 
1 2 2 0 
1 2 3 0  
1 2 4 0  
1 2 5 0  
1 2 6 0  
1 2 7 0  
1 2 8 0  
1 2 9 0  
1 3 0 0  
1 3 1 0 
1 3 2 0  
1 3 3 0  
1 3 4 0  
1 3 5 0  
1 3 6 0  
1 3 7 0 
. 1 3 8 0  
1 0 3  
GOSUB 2 1 7 0 
DDR: ( ( A ( 3 ) / 2 ) + ( A 1 ( 3 ) * COS ( T ( I ) ) +A2 ( 3 ) * COS ( 2 * T ( I ) ) 
+A3 ( 3 ) * COS ( 3  
* T ( I ) ) +A4 ( 3 ) * COS ( 4 * T ( I ) ) +A 5 ( 3 ) * COS ( 5 * T ( I ) ) )  
+ ( B 1 ( 3 ) * S I N ( T ( I ) ) 
+B2 ( 3 ) * S IN ( 2 * T ( I ) ) + B 3 ( 3 ) * S IN ( 3 * T ( I ) ) +B 4 ( 3 ) * S I N ( 4 * T ( I ) ) 
+ B 5 ( 3 )  * S IN ( S * T ( I ) ) ) )  
FOR LL= 1 TO L 
GOSUB 2 3 1 0 
SAT ( I , LL ) : DMT ( I ) + { ALPH ( LL ) * RTS ) -ERHO ( LL )  
NEXT L L  
NEXT I 
TCTA : CTRARC +C LPERM+ ( ( SA * . 8 1 5 5 7 4 3 ) / DM ) 
FOR LL: 1 TO L 
TCTA= TCTA+CTWAW ( LL ) + C TWW ( LL ) +CTDD ( LL )  
NEXT LL 
IF J J J : 2  GOTO 1 5 4 0  
OPEN " 0 " , # 1 , " B : S ID ATA " 
PR INT # 1 , J ,  C LPERM , CTRAR C , DWR , NUM , SPHA , S PHM , 
LHVW , HT , SA , D IMT , HR , TCTA , ABT , EMT , LHVA , S HC , 
BAGE , T IME , DENA , DP , PPERM , S HGT , L ,  WT , WWT , DT , DM , 
A$ 
PRI NT # 1 , E TM , AS S , THCOND , SDEN , SPHS , PC S T , AWI , AGE , 
AGE 2 , HPROD L I , HPLTEM , HPLTEM 2 , HPLWT , HPLWT 2 , HPLTW , 
HPROD S I , HPSTEM , HPSTEM 2 , HPSWT , HPSWT2 , HPSTW 
FOR I = l  TO J 
PR INT # 1 , DMT ( I ) , W ( I )  
FOR LL = l TO L 
PR I NT # 1 , SAT ( I , LL )  
NEXT LL 
NEXT I 
FOR LL = 1  TO WT 
PRI NT # 1 , CTWAW ( LL )  
NEXT LL 
FOR LL:WT TO ( WT + WWT ) 
PR I NT # 1 , CTWW ( LL )  
NEXT LL 
FOR LL: ( WT +WWT ) TO ( WT +WWT + DT ) 
PR I NT # 1 , CTDD ( LL )  
NEXT LL 
CLOSE # 1  
OPEN " I " , # 1 , " B : S I DATA " 
I NPUT # 1 , J ,  CLPERM , CTRARC , DWR , NUM , S PHA , SPHM , 
LHVW , HT , SA , D I MT , HR , TCTA , ABT , EMT , LHVA , S H C , 
BAGE , T I ME , DENA , DP , PPERM , S HGT , L ,  WT , WWT , DT , DM , 
A $  
I NPUT # 1 , ETM , A S S , THCOND , S DEN , S PHS , PCS T , AW I , AGE , 
AGE 2 , HPROD L I , HPLTEM , HPLTEM2 , HPLWT , HPLWT 2 , HPLTW , 
HPRODS I ,  HPS TEM , HPSTEM 2 , HPSWT , HPSWT 2 , HPSTW 
FOR ! : 1  TO J 
I NPUT # 1 , DMT ( I ) , W ( I )  
1 3 9 0  FOR LL: 1 TO L 
1 4 0 0  I NPUT # 1 , SAT ( I , LL )  
1 4 1 0  NEXT LL 
1 4 2 0  NEXT I 
1 4 3 0  FOR LL= 1 TO WT 
1 4 4 0  INPUT # 1 , CTWAW ( LL )  
1 4 5 0  NEXT LL 
1 4 6 0  FOR LL :WT TO ( WT +WWT ) 
1 4 7 0  I NPUT # 1 , CTWW ( LL )  
1 4 8 0  NEXT LL 
1 4 9 0  FOR LL: ( WT+WWT ) TO ( WT +WWT + DT ) 
1 5 0 0  I NPUT # 1 , CTDD ( LL )  
1 5 1 0 NEXT LL 
1 5 2 0  CLOSE # 1  
1 5 3 0  I F  JJJ : 3  GOTO 5 8 0  
1 5 4 0  RETURN 
1 0 4 
1 5 5 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
1 5 6 0  ' *  SUBROUT I NE FOUR I ER SER I E S  * 
1 5 7 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
1 5 8 0  ' *  Four i e r  anal ys i s  o f  outdo o r  pe r i odic parame t e r s  * 
1 5 9 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
1 6 0 0  FOR I = 1  TO J 
1 6 1 0 T ( I ) : ( I * ( 3 6 0 / J ) * 3 . 1 4 1 5 9 3 ) / 1 8 0 
1 6 2 0 NEXT I 
1 6 3 0  FOR I = 1  TO J 
1 6 4 0 C 3 : S I N ( T ( I ) ) 
1 6 5 0 C 4 ( I ) : F ( I ) * C 3  
1 6 6 0  C 5 : COS ( T ( I ) ) 
1 6 7 0 C 6 ( I ) : F ( I ) * C 5  
1 6 8 0 A= Z * T ( I )  
1 6 9 0 C 7 : S I N ( A )  
1 7 0 0  C8 ( I ) : F ( I ) * C 7  
1 7 1 0 C 9 : COS ( A )  
1 7 2 0  C 1 0 ( I ) : F ( I ) * C 9  
1 7 3 0  B= 3 * T ( I )  
1 7 4 0  C 1 1 : S I N ( B )  
1 7 5 0  C 1 2 ( I ) : F ( I ) * C 1 1 
1 7 6 0  C 1 3 : COS ( B )  
1 7 7 0  C 1 4 ( I ) : F ( I ) * C 1 3 
1 7 8 0  D = 4 * T ( I )  
1 7 9 0  C 1 5 : S I N ( D )  
1 8 0 0  C 1 6 ( I ) : F ( I ) * C 1 5  
1 8 1 0 C 1 7 = COS ( D )  
1 8 2 0  C 1 8 ( I ) : F ( I ) * C 1 7  
1 8 3 0  E = 5 * T ( I }  
1 8 4 0  C 1 9 : S I N ( E )  
1 8 5 0 C2 0 ( I } : F ( I ) * C 1 9  
1 8 6 0  C 2 1 = COS ( E )  
1 8 7 0  C 2 2 ( I ) = F ( I ) * C 2 1 
1 8 8 0  NEXT I 
1 8 9 0  T 2 : 0 : T 4 : 0 : T 6 : 0 : T 8 : 0 : T 1 0 : 0 : T 1 2 : 0 : T 1 4 = 0 : T l 6 = 0 : 
1 9 0 0  
1 9 1 0  
1 9 2 0  
1 9 3 0  
1 9 4 0  
1 9 5 0  
1 9 6 0  
1 9 7 0  
1 9 8 0  
1 9 9 0  
2 0 0 0  
2 0 1 0  
2 0 2 0  
2 0 3 0  
2 0 4 0  
2 0 5 0  
2 0 6 0  
2 0 7 0  
2 0 8 0  
2 0 9 0  
2 1 0 0  
2 1 1 0  
2 1 2 0 
2 1 3 0 
2 1 4 0  
2 1 5 0 
2 1 6 0  
2 1 7 0 
2 1 8 0  
2 1 9 0  
2 2 0 0  
2 2 1 0  
2 2 2 0  
2 2 3 0  
2 2 4 0  
2 2 5 0  
2 2 6 0  
2 2 7 0  
2 2 8 0  
2 2 9 0 
2 3 0 0  
2 3 1 0  
2 3 2 0  
2 3 3 0  
2 3 4 0  
· 2 3 5 0  
2 3 6 0  
T 1 8 : 0 : T 2 0 : 0 : T 2 2 : 0  
FOR 1 : 1  TO J 
T 2 : T 2 + F ( I )  
T 4 : T 4 + C 4 ( I ) 
T6 : T 6 +C 6 ( I )  
T 8 : T 8 +C 8 ( I ) 
T 1 0 :T 1 0 +C 1 0 ( I )  
T 1 2 :T 1 2 +C 1 2 ( I )  
T 1 4 : T 1 4 +C 1 4 ( I )  
T 1 6 : T 1 6 +C l 6 ( I )  
T 1 8 : T 1 8 + C l 8 ( I )  
T 2 0 : T 2 0 + C 2 0 ( I )  
T 2 2 = T 2 2 +C 2 2 ( I )  
NEXT I 
G : ( J * . 5 ) 
A ( K ) : T 2 /G 
B 1 ( K ) : T 4 / G  
A 1 ( K ) : T 6 /G 
B 2 ( K ) : T 8 / G  
A2 ( K ) : T 1 0 / G 
B 3 ( K ) : T 1 2 /G 
A3 ( K )  :T 1 4 /G 
B4 ( K ) : T l 6 /G 
A4 ( K ) : T 1 8 / G 
B 5 ( K ) : T 2 0 / G 
A 5 ( K ) : T 2 2 /G 
K=K+ 1 
RETURN 
1 0 5  
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
' *  SUBROUT I NE RELAT I VE HUM I D I TY TO HUM I D I TY RAT I O  * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' *  Conve r s i on o f  r e lat i ve h um i d i ty data f r om F o u r i e r  * 
' *  predi c t i on equat i on t o  h um i di t y  rat i o  data ( W )  * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
TR: DMT ( I ) + 4 5 9 . 6 9 
I F  TR > = 4 9 1 . 9 9 GOTO 2 2 7 0  
PVS =EXP ( 2 3 . 3 9 2 4 - ( 1 1 2 8 6 . 6 4 8 9 # / TR ) - ( . 4 6 0 5 7 * LOG ( TR ) ) )  
GOTO 2 2 8 0  
PVS : EXP ( ( ( - 2 7 4 0 5 . 5 2 5 8 # ) + ( 5 4 . 1 8 9 6 * TR ) + ( ­
. 0 4 5 1 3 7 # * TR A 2 ) + ( . 0 0 0 0 2 1 5 3 2 # * TR A 3 ) + ( ­
. 0 0 0 0 0 0 0 0 4 6 2 0 2 # * TR A 4 ) ) / ( ( 2 . 4 1 6 l * TR ) ­
( . 0 0 1 2 1 5 * TR A 2 ) ) ) * 3 2 0 6 . 1 8 2 2 #  
PV: ( DMHR/ l O O ) * PVS 
W ( I ) : ( . 6 2 1 9 * PV ) / ( 1 4 . 6 9 6 - PV ) 
RETURN 
' * * * * * * * * * * * * * * *.* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' * SUBROUT I N E  HORI ZONTAL TO T I LTED S URFACE RAD I AT I OM * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' * C o nv e r t s  d i r e c t  and d i f fu s e  rad i at i on on a * 
' * h o r i z on t a l  s ur fac e ( Pyranome t e r  da ta ) t o  that o n  a * 
' *  t i l t ed sur face ( RTS ) * 
2 3 7 0  
2 3 8 0  
2 3 9 0  
2 4 0 0  
2 4 1 0  
2 4 2 0  
2 4 3 0  
2 4 4 0  
2 4 5 0  
2 4 6 0  
2 4 7 0  
2 4 8 0  
2 4 9 0  
2 5 0 0  
2 5 1 0  
2 5 2 0 
2 5 3 0  
2 5 4 0  
2 5 5 0  
2 5 6 0  
2 5 7 0 
2 5 8 0  
2 5 9 0  
2 6 0 0  
2 6 1 0  
1 0 6 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
KT : DDR /EDR 
HDH = . 7 7 5 + . 0 0 6 5 3 * ( S S HA - 9 0 ) - ( . 5 0 5 + . 0 0 4 5 5 * ( SS HA-
9 0 ) ) * COS ( ( PI * 1 1 5 * KT- 1 0 3 ) / 1 8 0 ) 
S LOP : S LOP ( LL ) * P I / 1 8 0 
SAA : SAA ( LL ) * P I / 1 8 0  
S S HA : S S HA ( LL ) * P I / 1 8 0 
SRHA:SRHA ( LL ) * P I / 1 8 0 
DEC : ( P I * 2 3 . 4 5 * S IN ( ( PI * 2 * ( 2 8 4 +T I ME - 1 + I ) ) / 3 6 5 ) ) / 1 8 0  
I F  SAA = O  THEN GOTO 2 5 0 0 
A : COS ( S LOP ) * S I N ( D E C ) * S I N ( LAT ) * ( S S HA - SRHA ) ­
S I N ( DEC ) * COS ( LAT ) * S IN ( S LOP ) * COS ( SAA ) * ( S S HA­
SRHA ) +COS ( DEC ) * COS ( LAT ) * COS ( S LOP ) * ( S I N ( S S HA ) - S I N ( SRHA ) ) 
B : COS ( DEC ) * COS ( SAA ) * S I N ( LAT ) * S I N ( S LOP ) * ( S I N ( S S HA ) ­
S IN ( SRHA ) ) -COS ( DE C ) * S I N ( S LOP ) * S I N ( SAA ) * ( COS ( S S HA ) -
COS ( SRHA ) ) 
C = 2 * ( COS ( LAT ) * COS ( DE C ) * S I N ( AS S HA ) 
+AS S HA * S I N ( DEC ) * S I N ( LAT ) ) 
RB : ( A+B ) /C 
RB : ( COS ( LAT - S LOP ) * COS ( DE C ) * S I N ( S S HA ) +SSHA * S I N ( LAT ­
S LOP ) * S I N ( DEC ) ) / ( COS ( LAT ) * COS ( DEC ) * S I N ( AS SHA ) 
+AS SHA * S I N ( LAT ) * S I N ( DE C ) ) 
R: ( l -HDH ) * RB + . 5 * HDH * ( 1 + COS ( S LOP ) ) + . 5 * ROG * ( l -COS ( S LOP ) ) 
RTS =R * DDR 
RETURN 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
' *  SUBROUT I NE R-VALUES * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
' *  Re s i s tanc e va l u e s  o f  c ommo n  mat e r i a l s  * 
' *  f o r  calculat i o n o f  an ove ral l heat trans f e r  * 
' *  c oe f f i c i ent * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
PR I NT " * * * * * Mat e r i a l * * * * * * * * * * * * * R-
Val ue * * * * * * * Ma t e r i a l * * * * * * * * * * * * * * * R-Val ue " 
2 6 2 0  PR INT " Ba t t  insu l a t i on Bui l d i ng mat e r i a l s "  
2 6 3 0  PR I NT " G l as s , M i ne ra l  woo l  3 . 0 0 - 3 . 8 0 *  
Conc r e t e , s o l id 0 . 0 8 * "  
2 6 4 0  PR I NT " F i l l -Type insulat i on 
Conc r e t e , b l oc k , 3 - h o l e , 8 i n . 1 . 1 1 * * " 
2 6 5 0  PR I NT " C e l l u l o s e  3 . 1 3 - 3 . 7 0 *  
aggregate 2 . 0 0 * * " 
2 6 6 0  PR INT " Glas s , M i n e r a l  
l i gh twe i gh t , insul a t ed 
2 6 7 0  PR I NT " Verm i cu l i t e 
0 . 2 0 * "  
wo o l  
5 . 0 3 * * " 
2 . 2 0 *  
l i gh twe i g h t  
2 . 5 0 - 3 . 0 0 * 
B r i ck , c ommo n  
2 6 8 0  PR I N T " Shav i ngs , S awdus t 
0 . 0 0 * '' 
2 . 2 2 *  Me t a l  s i d i n g 
2 6 9 0  PR I NT " Hay , S t raw , 2 0  
backed 0 . 6 1 * * " 
2 7 0 0  PR I NT " R i g i d  i n s ul a t i on 
backed , 3 / 8 i n . 1 . 8 2 * * "  
3 0 ( + ) * * Ho l l ow 
I n s u l a t ed 
2 7 1 0  
2 7 2 0  
2 7 3 0  
2 7 4 0  
2 7 5 0  
2 7 6 0  
2 7 7 0  
2 7 8 0 
2 7 9 0  
2 8 0 0  
2 8 1 0  
2 8 2 0  
2 8 3 0  
2 8 4 0  
2 8 5 0  
2 8 6 0  
2 8 7 0  
2 8 8 0  
2 8 9 0  
2 9 0 0  
2 9 1 0  
2 9 2 0 
2 9 3 0  
2 9 4 0  
2 9 5 0  
2 9 6 0  
2 9 7 0  
2 9 8 0  
2 9 9 0  
3 0 0 0  
3 0 1 0  
3 0 2 0  
3 0 3 0  
3 0 4 0  
3 0 5 0  
3 0 6 0  
3 0 7 0  
PR INT " Exp . p o l ys tyrene , S o f twoods , f i r , pi n e  1 . 2 5 * " 
PR I NT " ext ruded , p l a i n  5 . 0 0 * 
Hardwoods , mape l , o ak 0 . 9 1 * "  
1 0 7  
PRI NT "  mo lded bead s , 1 pc f 5 . 0 0 *  P l yw o od 
1 . 2 5 * "  
PR I NT " mo lded beads , over 1 pc f 4 . 2 0 * Part i c l eboa rd 
1 . 0 6 * " 
PRINT " Expanded rubbe r 4 . 5 5 * 
Hardboard , t empered 1 . 0 0 * " 
PR I NT " Expanded po l yu r e thane , ag ed 6 . 2 5 *  I ns . 
sheath i ng , 2 5 / 3 2 i n . 2 . 0 6 * * " 
PR I NT " Glas s f i b e r  4 . 0 0 * 
Gyps um , p las terboard , 1 / 2 i n . 0 . 4 5 * * " 
PRI NT " Wo od , Cane f i be rb oard 2 . 5 0 * Wood s i d in g  
1 / 2 i n . X8 i n . 0 . 8 1 * * " 
PR I NT " Po l y i s oc yanurate 7 . 0 4 * As hpal t 
s h i ng l e s  0 . 4 4 * * " 
PRI NT " Foam , Po l yurethane 6 . 0 0 * Wood s h i ng l e s  
0 . 9 4 * * "  
PRI NT " Foam , Po l yurethane 6 . 0 0 * Wood s h i ng l e s  
0 . '9 4 * * "  
PRI NT " * Per i nc h  o f  mat e r i al * *  F o r  
l i s ted th i c kne s s " 
RETURN 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' *  SUBROUT I NE WALL COEFF I C I ENT * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' *  Calcu l at i on o f  ove ral l heat trans fer c oe f f i c i en t  * 
' *  o f  wal l  sur fac e s  ( CTWAW ) . Desc r i pt i on o f  wa l l  * 
' *  surface o r i entat i on and s o l ar rad i at i on prope r t i e s  * 
' *  ( ALPH , SAA , S LOP , S SHA , SRHA ) * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
I F  WT: O THEN RETURN 
FOR LL = 1 TO WT 
PR INT US I NG " How many c omponents is wal l  # " ; LL 
INPUT " c ons tructed o f " ; M : CL S  
FOR MM: 1 T O  M 
I F  MM : 1  THEN RTOTA = . 8 5 
I F  MM : l  THEN RTOTB = . 8 5 
KK= O  
GOSUB 2 5 4 0 
I F  KK : l  GOTO 3 0 8 0  
PR INT US ING " Be tw e e n  _ t h e  fram i ng , f o r  wal l  # ,  
component # ,  no t i ng a s t e r i sk s , " ; LL , MM 
I NPUT " s e l e c t  the approp r i ate R-Value " ; C OMPB 
INPUT " I f  the R-Val ue l i s t ed i s  p e r  i nc h  o f  
ma t e r i al , i n  dec i ma l  f o rm , input the c o mponen t 
th i ckn e s s , o t h e rw i s e  en t e r  ( 1 )  '' ; TH I CKB : C LS 
RTOTB : RTOTB +COMPB * TH I CKB 
KK = l  
GOSUB 2 5 4 0 
3 0 8 0 
3 0 9 0  
3 1 0 0  
3 1 1 0 
3 1 2 0 
3 1 3 0 
3 1 4 0 
3 1 5 0 
3 1 6 0  
3 1 7 0 
3 1 8 0  
3 1 9 0 
3 2 0 0  
3 2 1 0  
3 2 2 0  
3 2 3 0  
3 2 4 0  
3 2 5 0  
3 2 6 0  
3 2 7 0  
3 2 8 0 
3 2 9 0  
3 3 0 0 
3 3 1 0  
3 3 2 0 
3 3 3 0 
3 3 4 0 
3 3 5 0  
3 3 6 0  
3 3 7 0  
. 3 3 8 0  
3 3 9 0  
3 4 0 0  
1 0 8 
PRI NT US I NG " At t h e  f raming , f o r  wal l  # ,  c ompo n e n t  
# ,  not i ng as t e r i s k s , " ; LL , MM 
I NPUT " s e l e c t  t h e  app r o pr i a t e  R-value ( I f th i s  i s  
not a frame wa l l  en t e r  ( O ) ) " ; COMPA 
I NPUT " I f  the R-value l i s t ed i s  per i nc h  o f  
mat e r i al , i n  dec imal form , i nput the c omponen t 
t h i ckne s s , o t h e rw i s e  ent e r  1 ( I f th i s  i s  no t a f r ame 
wal l  enter ( O ) ) " ; TH I CKA : CLS 
RTOTA: RTOTA+C OMPA * TH I CKA 
NEXT MM 
I NPUT " What i s  the p e r c en tage o f  f ram ing for th i s  wa l l  
type ( I f  n o  fram i n g  ex i s t s  ent e r  ( O ) ) " ; PERC : CL S  
CTW : ( ( 1 / RTOTA ) * ( PERC / 1 0 0 ) ) + ( ( 1 /RTOTB ) * ( ( 1 0 0 -
PERC ) / 1 0 0 ) ) 
PRI NT US I NG " Fo r  wal l  # ,  what i s  the t o t a l  a r e a  
( FT ( 2 ) ) " ; LL 
I NPUT AW ( LL ) : CL S  
CTWAW ( LL ) : CTW * AW ( LL )  
PR I NT US I NG " F o r  wa l l  type # # , ent e r  the av e ra g e  
out s i de sur face c o l or parame t e r . " ; LL 
I NPUT " Unde r norma l c i rcums tanc e s  th e range i s  f r om 
0 . 1 5  for l i g h t  s u rfac e s  to 0 . 3 0 for dark 
sur face s " ; ALPH ( LL ) : C L S  
PR INT US I NG " For wa l l  type # # , ent e r  t h e  s u r face 
az i muth ( Degrees ) " ; LL 
I NPUT " S outh ( 0 )  Eas t ( - )  We s t ( + ) " ; SAA ( LL ) : CL S  
PR I NT US I NG " F o r  wa l l  type # # , ent e r  the " ; LL 
I NPUT " th e  sur fac e s l ope ( De g r e e s ) " ; SLOP ( LL ) : CL S  
E�HO ( LL ) : ( ( 9 0 - SLOP ( LL ) ) / 9 0 ) * ( - 7 )  
PRI NT US I NG " F o r  wal l  t ype # # , ent e r  the " ; LL 
INPUT " suns e t  hour a ng l e " ; S SHA ( LL ) : CLS 
PR I NT US I NG " Fo r  wal l t ype # # , enter the " ; LL 
I NPUT " s un r i s e hour ang l e " ; SRHA ( LL ) : CL S  
NEXT L L  
RETURN 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
' *  SUBROUT I NE ROOF COEFF I C I ENT * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' * Ca l cu l at i on o f  the ove r a l l heat t rans fer c o e f f i c i en t * 
' *  o f  the r o o f  s u r face ( CTRARC ) .  D e s c r ibes r o o f * 
' *  sur face o r i entat i on and s o l a r  rad i at i on p r o pe r t i e s * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
I NPUT " I f  you have a . p i tched r o o f - a t t i c - c i e l i ng 
comp i na t i on en t e r  ( 0 ) . I f  j u s t  a p i t c h e d  r o o f  
ex i s t s  ent e r  ( 1 ) . I f  j u s t  a ce i l i ng ( F l at ro o f ) e x i s t s 
enter ( 2 ) " ; KKK : CLS 
I F  KKK= 2 GOTO 3 6 2 0  
I NPUT " H ow many c ompon en t s  i s  the r o o f c o n s t ru c t ed 
o f " ; M : CLS 
3 4 1 0  FOR MM = l  TO M 
3 4 2 0  I F  MM = l  THEN RTOTA: 1 . 2 7 
3 4 3 0  
3 4 4 0  
3 4 5 0  
3 4 6 0  
3 4 7 0  
3 4 8 0  
3 4 9 0  
3 5 0 0  
3 5 1 0  
3 5 2 0 
3 5 3 0 
3 5 4 0  
3 5 5 0  
3 5 6 0  
3 5 7 0  
3 5 8 0  
3 5 9 0  
3 6 0 0  
3 6 1 0  
3 6 2 0  
3 6 3 0  
3 6 4 0  
3 6 5 0  
3 6 6 0  
3 6 7 0  
3 6 8 0  
3 6 9 0  
3 7 0 0  
3 7 1 0  
3 7 2 0  
3 7 3 0  
3 7 4 0  
3 7 5 0  
3 7 6 0  
3 7 7 0  
I F  MM= 1  THEN RTOTB : . 8 8 
KK= O  
GOSUB 2 5 4 0 
I F  KK= 1 GOTO 3 5 3 0 
1 0 9 
PR I NT US I NG " Be twe en t h e  f raming , for r o o f c omponent 
# ,  no t i ng as t e r i sk s , " ; MM 
I NPUT " s e l ec t  t h e  appr op r i at e  R-va l ue " ; COMPB 
INPUT " I f  the R-value l i s t ed i s
.
pe r i nch o f  mat e r i a l , 
i n  dec ima l  f o rm , i nput the c omponent 
thi cknes s ,  o t h e rw i s e  ente r  ( 1 ) " ; TH I CKB : CLS 
RTOTB = RTOTB +COMPB * TH I CKB 
KK = 1  
GOSUB 2 5 4 0 
PR I NT US ING " A t the f rami ng , for r o o f  c omponent # ,  
not ing as t e r i sk s , " ; MM 
I NPUT " s e l ec t  the appropr i a t e  R-val ue ( I f no f rami ng 
ex i s t s  enter ( O ) ) " ; COMPA 
I NPUT " I f  the R-va l u e  l i s ted i s  pe r i nch of mat e r i a l , 
i n  dec i mal f o rm , i nput 
th ickne s s , o th e rw i s e  ent e r  
enter ( O ) ) " ; TH I CKA : CLS 
RTOTA = RTOTA+COMPA * TH I CKA 
the c ompone n t  
( 1 ) ( I f n o  f ram ing ex i s t s 
NEXT MM 
KK= O  
I NPUT " What i s  the perc entage o f  fram i ng i n  the 
no fram i ng exi s t s  ent e r  ( O ) ) " ; PERC : CLS 
CROOF : ( ( 1 /RTOTA ) * ( PE RC / 1 0 0 ) ) + ( ( 1 /RTOTB ) * ( ( 1 0 0 -
PERC ) / 1 00 ) ) . 
I F  KKK = 1 GOTO 3 8 8 0  
r o o f ( I f 
I NPUT " How many c ompo ne n t s  i s  the c e i l ing c o ns t ruc t e d  
o f " ; M : CLS 
FOR MM= 1 TO M 
I F  MM= 1 THEN RTOTA: 1 . 2 2 
I F  MM= 1 THEN RTOTB = 1 . 7 1 
KK: O  
QOSUB 2 5 4 0  
I F  KK= 1  GOTO 3 7 5 0 
PRI NT US I NG " Be tween the fram i ng , f o r  c e i l i n g  
c omponent # ,  no t i ng a s te r i s k s , " ; MM 
INPUT " s e l ec t  the app r o p r i a t e  R-va l ue " ; COMPB 
I NPUT " I f  the R-value l i s t ed i s  pe r inch o f  ma t e r i a l , 
in dec ima l  f o rm , i nput the compo nen t th i c kne s s ,  
otherw i s e ent e r  ( 1 ) " ; Tij i CKB : CLS 
RTOTB =RTOTB+COMPB * T H I CKB 
KK = l  
GOSUB 2 5 4 0  
PR I NT US I NG " At the fram i ng , for ce i l ing c ompo n e n t  # ,  
not i ng as t e r i sk s , " ; MM 
I NPUT " s e l ec t  t h e  approp r i a t e  R-va l ue ( I f n o  f r am i ng 
ex i s t s  e n t e r  ( O ) ) " ; COMPA 
INPUT " I f  the R-va l u e  l i s t_ed is pe r inch o f  ma t e r i a l , 
3 7 8 0  
3 7 9 0  
3 8 0 0  
3 8 1 0  
3 8 2 0  
3 8 3 0 
3 8 4 0  
3 8 5 0  
3 8 6 0  
3 8 7 0  
3 8 8 0  
3 8 9 0  
3 9 0 0  
3 9 1 0  
3 9 2 0  
3 9 3 0  
3 9 4 0  
3 9 5 0 
3 9 6 0  
3 9 7 0  
3 9 8 0 
3 9 9 0  
4 0 0 0  
4 0 1 0  
4 0 2 0  
4 0 3 0  
4 0 4 0  
4 0 5 0  
4 0 6 0  
4 0 6 5 
4 0 7 0  
4 0 8 0  
4 0 9 0  
4 1 0 0  
4 1 1 0 
4 1 2 0  
4 1 3 0 
i n  dec imal f o rm , i npu t 
otherw i s e  ent e r  ( 1 ) ( I f 
( O ) ) " ; TH ICKA : CL S  
RTOTA: RTOTA+COMPA * THI CKA 
NEXT MM 
1 1 0 
the c omponen t t h i c kne s s , 
no framing ex i s t s  e n t e r  
I NPUT " What i s  t h e  percentage o f  fram i ng in the c e i l i ng 
( I f no framing ex i s t s  e nt e r  ( 0 )  ) " - ; PERC : CLS 
CCE I L : ( ( 1 /RTOTA ) * ( PERC / 1 0 0 ) ) + ( ( 1 /RTOTB ) * ( ( 1 0 0 -
PERC ) / 1 0 0 ) ) 
I F  KKK= 2 GOTO 3 9 1 0  
I NPUT " What i s  the area o f  the roo f ( f t ( 2 ) ) " ; AR : CLS 
I NPUT " What is the area o f  the c e i l i ng ( f t ( 2 ) ) " ; AC : C LS 
CTRARC : ( l / ( ( 1 / ( CROOF * ( AR/AC ) ) ) + ( l /CCE I L ) ) ) * AR 
AW ( L )  :AR 
GOTO 3 9 3 0 
I NPUT " What i s  the area o f  the roo f ( f t ( 2 ) ) " ; AW ( L )  : C L S  
CTRARC : CROOF * AW ( L )  
GOTO 3 9 3 0  
I NPUT " What i s  t h e  area o f  th e c e i l i ng 
( f t ( 2 ) ) " ; AW ( L ) : CLS 
CTRARC : CCE I L * AW ( L )  
PRI NT " Fo r  the r o o f , e n t e r  the average out s ide s ur fac e 
c o l or parame te r "  
I NPUT " Unde r  no rmal c i rcums t anc e s  the ran g e  i s  f r om 0 . 1 5 
for l i gh t  s u r f ac e s  to 0 . 3 0 f o r  dark 
sur faces " ; ALPH ( L ) : CL S  
I NPUT " Fo r  t h e  roo f , e n t e r  t h e  sur fac e az imuth ( D e g r e e s ) 
South ( 0 )  Eas t ( - )  We s t  ( + ) " ; SAA ( L ) : CLS 
I NPYT " Fo r  the r o o f , e n t e r  the sur fac e s l o pe 
( De g r e e s ) " ; SLOP ( L ) : CL S  
ERHO ( L ) : ( ( 9 0 - SLOP ( L ) ) / 9 0 ) * ( - 7 )  
I NPUT " For the r o o f , e n t e r  the sun s e t  h o u r  
ang l e " ; S S HA ( L )  : CLS 
I NPUT " Fo r  the r o o f , enter the sunr i s e h o u r  
ang l e " ; SRHA ( L )  : CLS 
RETURN 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' *  SUBROUT I NE W I NDOW COEFF I C I ENT * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' * Calculat i on o f  the ove r a l l heat t rans f e r  c o e f f i c i e n t * 
' *  o f  w i ndow surfac e s  ( CTWW ) . D e s c r i be s  w i ndow * 
' * sur fac e o r i entat i on and s o lar radi at i on prope r t i e s  * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
I F  WWT = 0 THEN RETURN 
FOR LL = 1 TO WWT 
PR I NT : PR INT : PR I NT : PR I N T  
PR I NT " * * * * * * * * * * * * * * * * * * * W i ndow T ype * * * * * * * * * * * * * * R ­
Va lue * * * * * * * * * * * * * * * * * * * * * * * * " : PR I NT 
PRI NT " S i n g l e  g l a zed 0 . 9 1 "  
PRI NT "  W i th s t o rm w i ndows 2 . 0 0 "  
PR I NT "  I ns u l at i ng g l a s s , l / 4  i n . s pac e 
4 1 4 0 
4 1 5 0 
4 1 6 0  
4 1 7 0 
4 1 8 0 
4 1 9 0  
4 2 0 0  
4 2 1 0  
4 2 2 0  
4 2 3 0 
4 2 4 0 
4 2 5 0  
4 2 6 0  
4 2 7 0  
4 2 8 0  
4 2 9 0  
4 3 0 0  
4 3 1 0  
4 3 2 0  
4 3 3 0  
4 3 4 0 
4 3 5 0  
4 3 6 0  
4 3 7 0  
4 3 8 0  
4 3 9 0  
4 4 0 0  
4 4 1 0  
4 4 2 0  
4 4 3 0  
4 4 4 0  
4 4 5 0  
4 4 6 0  
4 4 7 0  
4 4 8 0  
4 4 9 0  
4 5 0 0  
4 5 1 0  
PR I NT " 
PR INT " 
2 . 5 6 " : PR INT 
D oub l e  pane 
T r i p l e  
1 1 1  
1 . 6 9 "  
pane 
PR INT " * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * " 
PR I NT : PR I NT : PRI NT 
PR I NT US ING " Fo r  w i ndow . t ype 
corre spondi ng " ; LL 
INPUT " R -value " ; RTOT : CLS 
# ' e n t e r  th e 
I NPUT " What i s  the area ( FT ( 2 ) ) o f  t h i s  w i ndow 
type " ; AW ( LL +WT ) : CLS 
CTWW ( LL+WT ) : ( 1 /RTOT ) * AW ( LL + WT ) 
PRI NT US I NG " Fo r  w i ndow t yp e  # # , enter the average 
out s i de s u rfac e co l o r  parame t e r " ; LL 
I NPUT " Unde r no rmal c i rcums t anc e s  the ran g e  i s  from 
0 . 1 5 for l i gh t  s u r f ac e s  to 0 . 3 0 f o r  dar k  
sur fac es " ; ALPH ( LL +WT ) : CL S  
PR I NT US I NG " F o r  w i ndow t yp e  # # , e nt e r  t h e  s u r fac e 
a z imu th ( De g r e e s ) " ; LL 
INPUT " S ou t h  ( 0 )  E a s t ( - )  We s t  ( + ) " ; SAA ( LL + WT ) : CLS 
PRI NT US I NG " F o r  w i ndow t yp e  # # , enter the " ; LL 
INPUT " th e  sur f ac e  s l ope ( De g rees ) " ; SLOP ( LL+WT ) : C LS 
ERHO ( LL+WT ) : ( ( 9 0 - S LOP ( LL+WT ) ) / 9 0 ) * ( - 7 )  
PR I NT US I NG " Fo r  w i ndow t ype # # , enter " ; LL . 
I NPUT " th e  suns e t  hour ang l e " ; SSHA ( LL+WT ) : C LS 
PR INT US I NG " Fo r  w i nd o w  t yp e  # # , ente r " ; LL 
I NPUT " th e  sunr i s e  h o u r  ang l e " ; SRHA ( LL+WT ) : C LS 
NEXT LL 
RETURN 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' *  SUBROUT I NE DOOR COEF F I C I ENT * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' * Calculat i on o f  the o v e ra l l  heat t rans f e r  c o e f f i c i en t * 
' *  o f  doo r  surface s  ( CTDD ) . Desc r i pt i on o f  do o r  * 
' * surfac e  o r i en t a t i on and s o lar rad i at i on prope r t i e s  * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
I F  DT = O  THEN RETURN 
FOR LL = 1 TO DT 
PR INT : PR I NT : PR I NT : PRI NT 
PR I NT " * * * * * * * * * * * * * * * * * * * * * Door Type * * * * * * * * * * * * * * R ­
Value * * * * * * * * * * * * * * * * * * * * * * * * " : PR INT 
PR I NT "  Wood , s o l i d c o re , 1 3 / 4  i n . 
3 . 0 3 "  
PR I NT "  Me t a l , ure thane c o r e , 1 3 / 4 i n . 
2 . 5 0 "  
PR I NT "  Me t a l , po l ys t yrene c o re , 1 3 / 4  i n . 
2 . 1 3 " : PR INT 
PR I NT " * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
* * * * * * * * * * * * * * * * * * * * * " 
PR I NT : PR I NT : PR I NT 
PR I NT US I NG " Fo r  d o o r  type # ,  e n t e r  the 
4 5 2 0  
4 5 3 0 
4 5 4 0 
4 5 5 0  
4 5 6 0  
4 5 7 0 
4 5 8 0  
4 5 9 0  
4 6 0 0  
4 6 1 0  
4 6 2 0  
4 6 3 0  
4 6 4 0  
4 6 5 0  
4 6 6 0  
4 6 7 0  
4 6 8 0  
4 6 9 0  
4 7 0 0  
4 7 1 0  
4 7 2 0  
4 7 3 0  
4 7 4 0  
4 7 5 0  
4 7 6 0  
4 7 7 0  
4 7 8 0  
c o r responding " ; L L 
I NPUT " R -value " ; RTOT : CLS 
INPUT " What i s  the area ( FT ( 2 ) } of  th i s  do o r  
t ype " ; AW ( LL +WT+WWT ) : C L S  
CTDD ( LL +WT +WWT ) : ( ( 1 /RTOT ) * AW ( LL+WT + WWT ) )  
1 1 2 
PR I NT US ING " Fo r  d o o r  t ype # # , ente r  the ave rage 
out s ide sur fac e  c o l o r  parame t e r � ; LL 
I NPUT " Under n o rmal c i r cums tance s  the range i s  f r om 
0 . 1 5 f o r  l i g h t  s u r fac e s  t o  0 . 3 0 for dar k  
surfaces " ; ALPH ( L L +WT + WWT ) : CL S  
PR I NT US I NG " F o r  do o r  t yp e  # # , e n t e r  t h e  sur f ac e 
a z i muth ( De g r e e s ) " ; LL 
I NPUT " S outh ( 0 )  Eas t ( - )  We s t ( + ) " ; SAA ( LL+WTT +WWT ) : CL S  
PRI NT US I NG " Fo r  d o o r  type # # , en t e r  th e " ; LL 
I NPUT " s ur face s l ope ( De g r e e s } " ; S LOP ( LL+WT +WWT ) : C L S  
ERHO ( LL+WT+WWT ) : ( ( 9 0 - S LOP ( LL+WT + WWT ) ) / 9 0 ) * ( - 7 )  
PR I NT US I NG " For doo r  type # # , ent e r " ; LL 
I NPUT " th e  sun s e t  h o u r  ang l e " ; SS HA ( LL+WT +WWT ) : C LS 
PRI NT US I NG " Fo r  d o o r  type # # , ente r " ; LL 
I NPUT " the sunr i s e  h o u r  ang l e '' ; SRHA ( LL+WT +WWT ) : CLS 
NEXT - L L  
RETURN 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
' *  SUBROUT I NE FLOOR COEFF I C I ENT * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
' *  D e s c r ibes the overal l heat t ran s f e r  c oe f f i c i e n t  o f  * 
' *  the pe r ime t e r  ( CLPERM ) * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
I NPUr " What i s  the p e r i m e t e r  o f  t h e  bu i l d i n g  
( FT ) " ; LPERM : C LS 
I NPUT " I f  the per i me t e r  i s  i n s ul a ted e n t e r  ( 1 )  i f  t h e  
pe r i me t e r  i s  un i nsu l a t ed e n t e r  ( O ) " ; M : CLS 
IF M: l THEN C LPERM = LPERM * ( 1 / 2 . 2 2 ) 
I F  M = O THEN C L PERM = LPERM * ( 1 / 1 . 2 3 ) 
I NPUT " E n t e r  t h e  ave ra g e  depth o f  wa s t e i n  t h e  
p i t " ; DM : C L S  
4 7 9 0  I NPUT " En t er the dep t h  ( Ft ) o f  t h e  p i t " ; DP : C LS 
4 8 0 0  RETURN 
4 8 1 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
4 8 2 0  ' *  SUBROUT I N E  S E N S I BLE HEAT GA I N  * 
4 8 3 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
4 8 4 0  ' *  C a l cu l a t i on o f  h e a t  g a i n  f rom s t ru c t u r e  ( SHC , S HGT ) *  
4 8 5 0 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
4 8 6 0  I NPUT " En t e r  the amo u n t  o f  s upp l imen t a l  he a t i ng , o r  
c o o l i n g , ( BTU /HR ) s upp l i ed t o  the s t ru c t u r e . ( + )  F o r  
h e a t i ng . ( - )  F o r  c o o l i ng . " ; SH C : CLS 
4 8 7 0  I NPUT " En t e r  the t o ta l  wa t ta g e  o f  al l inc ande s c e n t  
l i gh t i ng i n  o p e rat i on " ; S HG I : CL S  
4 8 8 0  I NPUT " En t e r  the t o t a l  wa t t a g e  o f  a l l f l uo r e s c e n t  
l i gh t i n g  i n  ope rat i on " ; S HGF : CL S  
4 8 9 0  I NPUT " En t e r  t h e  h o r s e po w e r  o f  a l l mo t o rs i n  o p e rat i o n 
( Do not inc l ude the exhaus t fans ) " ; S HGM : CL S  
4 9 0 0  SHGT : 3 . 4 * SHGI + 4 . l * S HGF + 4 0 0 0 * SHGM 
4 9 1 0  RETURN 
1 1 3 
4 9 2 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
4 9 3 0  ' * SUBROUT I NE P I T  MO I S TURE PRODUCT I ON * 
4 9 4 0 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
4 9 5 0  ' *  De s c r i be s  manure p i t and aqueous sur fac e c ond i t i on s * 
4 9 6 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
4 9 7 0  INPUT " En t e r  the mas s rate o f  de f ecat ed was te ( LB / HR - LB ) 
from the ani mal " ; DWR : CLS 
4 9 8 0  INPUT " Enter the ave rage an i ma l  body tempe r a ture ( F )  o f  
the ani mal " ; ABT : CLS 
4 9 9 0  I NPUT " En t e r  the spec i f i c  h ea t  ( BTU /LB - F ) of t h e  
manure " ; SPHM : CLS 
5 0 0 0  I NPUT " Enter the surface area o f  t he expo s ed manu r e  
surface " ; SA : CLS 
5 0 1 0  I NPUT " En t e r  the ave rage tempe rature ( F )  of the expo s ed 
manure surface ( Us ua l l y  the we t -bu l b  
tempe rature ) " ; EMT : CLS 
5 0 2 0  I NPUT " Enter the ave r a g e  la t en t heat of e vapo r a t i o n 
( BTU/ LB ) a t  the sur fac e  o f  the manu re ( Us ua l l y  
found at the we t - bu l b  t empe rat u r e ) " ; LHVW : CLS 
5 0 3 0  I NPUT " Enter the co nvec t i ve heat t r an s f er c o e f f i c i e n t  
( BTU / HR - FT ( 2 ) - F )  o f  t h e  expo s ed wa s t e  sur fac e " ; HT : C LS 
5 0 4 0  RETURN 
5 0 5 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
5 0 6 0  ' *  SUBROUT I NE S O I L  T EMPERATURE DATA * 
5 0 7 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 0 8 0  ' * De sc r i be s  s o i l  pa rame ters * 
5 0 9 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 1 0 0 I NPUT " Enter the mean earth t empe rature ( F ) , . annua l 
sur fac e swing ( F ) , and the the rma l c o nduc t i v i t y 
( BTU/ HR - FT - F )  o f  the s o i l '' ; ETM , AS S , THCOND : CL S  
5 1 1 0 I NPUT " En t e r  t h e  s o i l  den s i t y ( LB / FT ( 3 ) ) ,  s o i l  s pe c i f i c  
heat ( BTU/ LB - F ) ,  pha s e  c ons tant day o f  m i n i mum s u r fa c e 
temperature ( Days ) " ; S DEN , SPHS , PCST : CLS 
5 1 2 0 RETURN 
5 1 3 0 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 1 4 0  ' *  SUBROUT I NE AN I MAL SENS I B L E  AND LATENT HEAT PROD . * 
5 1 5 0 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 1 6 0  ' *  D e s c r i be s  an ima l s en s i b l e  and l a t e n t  h e a t  * 
5 1 7 0  ' *  p r oduc t i on pa r ame t e r s  * 
5 1 8 0 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 1 9 0 I NPUT .. En t e r  the c o e f f i c i en t s  o f  t h e  an i ma l  we i g h t  
pred i c t i o n  e quat i o n - i n t e rc e p t , age t e rm , a g e s qu a r ed 
t e rm " ; AW I , AGE , AGE 2 : CLS 
5 2 0 0  I NPUT " En t e r  the c o e f f i c i e n t s  of t h e  an i ma l  l a t en t  h e a t  
pr oduc t i on p r ed i c t i on e qua t i o n  - i n t e r c e p t ,  
t empe ratu r e , t e mp e r a t u r e  s qu a r ed , we i g h t , w e i g h t  
s quared , and t empe r a t u r e * we i g h t  i n t e r ac t i o n 
t e rms " ; HPRODL I , HP L TEM , H PLTEM 2 , HPLWT , HPLWT 2 , HPLTW : C L S 
1 1 4 
5 2 1 0  I NPUT " En t e r  the c oe f f i c i en t s  o f  the an i mal s e ns i b l e  
heat pr oduc t i on predi c t i on equa t i on - i n t e r c e p t , 
tempe rature , temperature s quared , we i ght , we i g h t  
s quar ed , and t emperature *we i gh t  i nt e rac t i o n 
t e rms " ; HPRODS I , HPSTEM , HP STEM2 , HPSWT , HPSWT 2 , HPSTW : C L S  
5 2 2 0  RETURN 
5 2 3 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
5 2 4 0  ' *  SUBROUT I NE BALANC E  PO I NT PARAMETER CALCULAT I ON S  * 
5 2 5 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 2 6 0  
5 2 7 0  
5 2 8 0  
5 2 9 0  
5 3 0 0  
5 3 1 0  
5 3 2 0  
5 3 3 0  
5 3 4 0  
5 3 5 0  
5 3 6 0  
5 3 7 0  
5 3 8 0  
5 3 9 0  
5 4 0 0  
5 4 1 0  
5 4 2 0  
5 4 3 0  
5 4 4 0  
5 4 5 0 
5 4 6 0  
5 4 7 0 
5 4 8 0  
5 4 9 0  
' *  Parame t e r s  f o r  mo i s t u r e  c o nt r o l  ( Vent i l at i on ra t e  * 
' *  VENTM ) and t emperature c o n t r o l  ( Vent i l at i o n r a t e  * 
' *  VENTE ) and r e s u l t i n g  energy requ i rement s ( EA ,  * 
' * energy ba l anc e ,  MA , mo i s ture ba lanc e * 
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
CTWAWT : O  
FOR LL= l TO L 
I F  LL < = WT THEN CTWAWT : C TWAWT + SAT ( I , LL ) * CTWAW ( LL )  
I F  ( LL > WT )  AND ( LL < =WT +WWT ) THEN 
CTWAWT : CTWAWT + SAT ( I , LL ) * CTWW ( LL )  
I F  ( LL > WT +WWT ) AND ( LL < :WT +WWT + DT ) 
CTWAWT : CTWAWT +SAT ( I , LL ) * CTDD ( LL )  
I F� LL : L  THEN CTWAWT : CTWAWT + S AT ( I , LL ) * CTRARC 
NEXT LL 
THEN 
DMGT : ETM-AS S * EXP ( ­
DP * ( P I / ( 3 6 5 * ( ( THCOND * 2 4 ) / ( S DEN * SPHS ) ) ) ) A . 5 )  
* COS ( ( ( 2 * P I ) / 3 6 5 ) * ( ( T I ME - l + I ) - PC S T ­
( DP / 2 ) * ( 3 6 5 / ( P I * ( ( THCON D * 2 4 ) / ( S DEN * S PHS ) ) ) ) A . 5 ) ) 
CTWAWT : CTWAWT +CLPERM * DMT ( I ) + ( ( SA * DMGT * . 8 1 5 5 7 4 ) / DM ) 
WGT :AW I +AGE * BAGE +AGE 2 * BAGE A 2  
BAGE : BAGE + l 
ALHP : HPRODL I + HPLTEM * D I MT + HP LTEM2 * D I MT A 2 +HPLWT * WGT 
+ HPLWT 2 * WGT A 2 + HPLTW * D I MT * WGT 
-
ASHP: HPRODS I + HPS TEM * D I MT + HP S TEM2 * D I MT A 2 +HPSWT * WGT 
+HPSWT 2 * WGT A 2 + HPSTW * D I MT * WGT 
VENTM ( I ) : ( ( ( ALHP * NUM ) / LHVA ) + ( ( ( DWR * WGT * NUM * SPHM * ( AB T ­
D I MT ) ) + ( HT * SA * ( D I MT -EMT ) ) ) / LHVW ) ) / ( 6 0 * DENA * ( HR - W ( I )  > )  
VENTE ( I ) : ( - ( TCTA * D I MT ) + CTWAWT + ( NUM * AS HP ) 
+ S HC + SHGT + ( NUM * ALHP ) + ( DWR * WGT * NUM * S PHM * ( ABT ­
D IMT ) ) + ( HT * SA * ( D I MT - EMT ) ) ) / ( ( S PHA * DENA * 6 0 * ( D I MT ­
DMT ( I ) ) ) + ( DENA * 6 0 * ( HR -W ( I ) ) ) * LHVA ) 
I F  ( VENTE ( ! )  > 2 8 8 0 0 ) OR ( VENTE ( ! )  < 0 )  
VENTE ( I ) : 2 8 8 0 0 
MA ( I ) : - ( VENTE ( I ) * 6 0 * DENA * ( HR -
W ( I ) ) ) + (  ( ALHP * NUM ) / LHVA ) + -( DWR * WGT * NUM * SPHM * ( ABT ­
D I MT ) ) / LHVW + ( HT * SA * ( D I MT - EMT ) ) / LHVW 
EA ( I ) : -VENTE ( I ) * 6 0 * S PHA * DENA * ( D IMT - DMT ( I ) ) ­
VENTE ( I ) * 6 0 * LHVA * DENA * ( HR - W ( I ) ) + CTWAWT ­
TCTA * D I MT + SHC + S HGT + DWR * WGT * NUM * S PHM * ( ABT­





1 1 5 
L 5 5 0 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 5 1 0  ' * S UBROUT I NE OUTPUT * 
5 5 2 0  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * � * * * * * * * * * * * *  
5 5 3 0  ' * Creat i on o f  o utput f i l e s * 
5 5 4 0 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
5 5 5 0  OPEN " O " , # l , " B : VENTES I "  
5 5 6 0  OPEN " 0 " , # 2 , " B : ENERGS I "  
5 5 7 0  OPEN " 0 " , # 3 , " B : MO I S TS I " 
5 5 8 0  FOR I = l  TO J 
5 5 9 0 PRI NT # 1 , VENTE ( ! )  
5 6 0 0  PRI NT # 2 , EA ( I )  
5 6 1 0  PRI NT # 3 , MA ( I )  
5 6 2 0  NEXT I 
5 6 3 0  CLOSE # 1  
5 6 4 0  CLOSE # 2  
5 6 5 0  CLOSE # 3  
5 6 6 0 RETURN 
5 6 7 0  END 
I / 
